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1. INTRODUCTION 
1.1 Background 
Solid electrolyte based gas sensors have been extensively studied over the last five decades, 
especially with growing concerns to environmental issues, for example the exhaust pollutants from 
industries, automobiles and even domestic wood-fueled fireplaces [1-15]. The sensors used in most 
of these applications are based on thermodynamic principle. Their signals obey the Nernstian relation 
in a wide range of temperature (400 to 1600 °C) and oxygen partial pressure (10 to 10
-20
 bar). 
Therefore this type of sensors is also named as Nernstian sensors [16-19]. 
Among the various gas sensors, the group of devices based on the kinetics determined mixed-
potential mechanism has attracted particular attention due to its promising features related to analysis 
of combustible gas components in high-temperature applications. In difference to the mixed-
potentials measured at electrodes in liquid electrolyte based electrochemical systems, those 
established at electrodes in YSZ solid electrolyte based electrochemical systems are found to be very 
stable. A mixed potential sensor combines an oxygen electrode as a reference (equilibrium electrode) 
and a second electrode, which shows a low oxygen sensitivity but a high sensitivity to combustibles 
(non-equilibrium electrode). It is generally believed that the chemisorption of oxygen which is the first 
step in electrochemical reaction occurs on the reference electrode with a high rate, but it is hindered 
on the mixed potential electrode.  
Various groups of researchers have exerted a lot of efforts in developing mixed potential type gas 
sensors based on Yttrium Stabilized Zirconia (YSZ) with special focus on electrode materials and 
made significant progress in achieving high performance of such type of sensors. The status of 
research was reviewed in [20-23]. It was shown, that the response behavior of this type of sensor is 
highly influenced by choice of the material of the mixed potential electrode (MPE) and its 
morphological structure, thermal stability and catalytic activity [24-49]. For simplification instead of the 
term ‘non-equilibrium electrode’, the abbreviation ‘MPE’ will be used in this work with the 
consideration that the mixed potential is a result of both the anodic and cathodic processes at the 
electrode. In the early developments, noble metals like Pt or transition metals like Mo, and noble 
metal alloys such as Pt/Au, Pt/Ag, Pt/Rh, Pt/Cu and Pt/Ni were adopted for detection of CO and HCs 
[24, 25]. However, due to the recrystallization of the noble metals and noble metal alloys at elevated 
temperatures and the change of their catalytic properties by irreversible gas reactions (poisoning), the 
long term stability of the MPEs is not satisfying [22, 27, 50]. To achieve better long term stability, 
oxides of different kinds, for example spinel-type oxides CdMn2O4chromites), perovskite-type 
oxides (La1-x SrxCr1-yGayO3- with x= 0...0.02 and y= 0...0.3), SnO2, Ta2O5, Nb2O5, CeO2, and many 
other oxides [28-34, 38, 51] were attempted to be used as materials for MPE. Since then, substantial 
development of this type of gas sensors has been achieved. 
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In recent developments of this type of sensors, the combination of Au/AuPt-alloy and oxides was 
found to be a promising MPE material. With this kind of material combination, satisfactory sensing 
characteristics were achieved using different kinds of electrode design [26-31, 43, 44, 48, 52-55]. 
Guth et al. and Ueda et al. reported uniformly admixed Au-oxide composites as mixed potential 
electrodes for sensing of carbon monoxide, propane, propene or toluene, separately [28-31, 53]. A 
broad range of oxides, including Ga2O3, Y2O3, Al2O3, ZrO2, In2O3, Ta2O5, Nb2O5, CeO2, Gd2O3, La2O3, 
Pr6O11, Sm2O3 and so on, has been examined as the oxide additions of the composited electrodes. 
According to their results, the sensing behavior of such type of electrodes was found to be mainly 
determined by the following two factors: i) the electrode morphology, which is strongly influenced by 
the kind of the oxide addition, and ii) the corresponding catalytic activity of the composited electrode 
material for chemical oxidation processes within the electrode layer [56] and/or electrochemical 
reactions proceeding at the triple phase boundary (TPB).  
Moreover, it was found by Viricelle et al. [54] that the addition of YSZ in the Au electrode could 
improve the sensing performance of the electrode compared to the pure Au electrode in terms of the 
response time and the sensitivity to NO2 between 450 and 550 °C. This improvement of the sensing 
performance was accompanied by a decreased polarization resistance in air characterized by 
electrochemical impedance spectroscopy [54]. It was assumed that the addition of YSZ prevent the 
agglomeration of gold and consequently stabilize the morphology of the electrode. Moreover, an AuPt 
alloy material by surface modification with ZrO2 nanoparticles was also reported to be optimal for NO2 
sensing at elevated temperatures. The sensitivity to NO2 was highly dependent on the Au/Pt ratio, and 
the maximum was found for the composite consisting of 85 % Au and 15 % Pt [55]. 
In addition to those Au/AuPt alloy-oxide composites with uniform material distribution as mentioned 
above, Breedon et al. investigated the effect of a micro-dimensional Au mesh addition on the gas 
sensitivity of a screen printed Pt electrode patterned onto yttria-stabilized-zirconia [26]. This kind of 
electrode, combining the Au mesh and the Pt electrode, shows a non-uniform material distribution 
with respect to the Au/Pt ratio, which is clearly different to the AuPt alloy electrode reported in [55].  
However, a mixed-potential characteristic was still observed at the Pt(+Au mesh) electrode under 
exposure to H2 at 550 °C, and the sensing performance could be further improved by coating the 
entire electrode structure with YSZ. 
In spite of those encouraging experimental results, the role of Au addition which is well known as a 
CO oxidation catalyst [57-59], especially its effect on the electrode processes contributing to the 
mixed potential formation, has not yet been fully understood. Detailed insights regarding the influence 
of Au on the electrochemical behavior of metal+oxide-MPEs would be beneficial for better 
understanding the sensing behavior of such type of sensors, and for achieving further technological 
improvements in the future.  
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In order to clarify the mechanism of the electrode reaction, most investigations in the past were 
focused on the measurement of the mixed potential. However, this value is only a general result of the 
underlying complicated mechanisms of potential formation which have to be disclosed by further 
electrochemical investigations. Although Au-oxide composites and Au,Pt alloy/composites were often 
studied as an electrode material [54, 55, 60], the ratio Au/Pt, i.e. how much gold is needed in order to 
suppress the oxygen reaction and/or to promote the reaction with combustibles on the electrode, is 
still unknown. Moreover in case of the Au,Pt-YSZ electrode with non-uniformly distributed material [26], 
the effects of Au distribution on the sensing characteristics of the electrode are needed to be further 
investigated and clarified as well.  
On the other hand, O2,Pt/YSZ, as one of the simplest and best-characterized model-type electrode 
systems in solid state electrochemistry, has been widely investigated in many aspects [61-78]. These 
studies bring an in-depth understanding of this kind of solid state gas electrode. One of the major 
concerns in the investigations is the mechanism of the electrochemical oxygen exchange reaction at 
the O2,Pt/YSZ electrode system due to its fundamental relevance and crucial importance in scientific 
and technological applications. Most prominent examples are solid oxide fuel cells (SOFCs), solid 
oxide electrolysis cells (SOECs), oxygen sensors and the non-faradic electrochemical modification of 
catalytic activity in catalysis [79-85]. Dissociative adsorption of oxygen on the Pt surface, surface 
diffusion of atomic oxygen, and charge transfer reactions at the TPB have been taken into account in 
the clarification of the oxygen exchange mechanism [86, 87].  
Despite of those outstanding research efforts in the past, changes at the O2,Pt/YSZ electrode system 
during electrochemical operations or aging processes at elevated temperatures are still crucial 
questions not fully clarified and needed to be further investigated [61, 64, 73, 77, 88-90], since they 
significantly influence the catalytic and electrochemical characteristics of the electrode. These 
changes include: i) irreversible processes, which are related to the accumulation/agglomeration of 
impurities and the corresponding segregation of the TPB; ii) reversible processes, which are 
attributed to the formation/decomposition of a Platinum oxide (PtOx) ‘phase’. In particular, the 
mechanism of PtOx formation/decomposition is systematically studied by combining different kinds of 
electrochemical methods and in-situ/ex-situ surface analytical approaches [61, 64, 73, 77, 88]. 
Different regions within the electrode system including: i) the interface Pt/YSZ, ii) the TPB O2/Pt/YSZ, 
and iii) the Pt surface, i.e. the interface Pt/O2, have been considered and discussed for potential PtOx 
formation [61, 64, 73, 88]. The formation of PtOx (reaction (1)) is found to be favored under the 
condition of anodic polarization, and its amount depends strongly on temperature, oxygen partial 
pressure and oxygen flux towards the electrode during polarization.  
𝑃𝑡 + 𝑥𝑂2−
𝑎𝑛𝑜𝑑.  𝑝𝑜𝑙.
→        𝑃𝑡𝑂𝑥 + 2𝑥𝑒
−
 





→      𝑃𝑡 + 𝑥𝑂2−  (2)  
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On the other hand, the cathodic polarization is demonstrated to be able to promote an 
electrochemical reduction of the pre-formed PtOx (reaction (2)) [64, 88]. The formation/decomposition 
of PtOx can significantly change the catalytic properties and kinetics of the O2,Pt/YSZ electrode, and 
accordingly affect the electrochemical processes proceeding at the electrode. 
Similar changes may probably occur at the Pt-YSZ based MP electrode modified by Au addition as 
well. These changes of the micro- and nano-structure of the electrode, especially the ones induced 
by thermal treatment during aging processes at elevated temperatures, can be of high relevance with 
long-term sensing stability of this kind of electrode. Besides, the kind of structural changes caused by 
electrochemical operation is also expected to change the catalytic properties and electrochemical 
characteristics of the electrode, and accordingly influence its gas sensing behaviors. However, these 
correlations between these changes induced by thermal treatment or electrochemical operation and 
the sensing characteristics were rarely investigated in the field of mixed potential type gas sensors in 
the past. 
Except for those material scientific and engineering studies on mixed-potential type gas sensors 
stated above, the investigations reported in [51, 91, 92] reveal that the operating temperature of such 
kind of sensors also plays an important role on the sensing performances. The potential difference 
∆U between mixed-potential electrode and reference electrode, response time and sensitivity typically 
depend on both, the electrode material and the operating temperature [51, 92]. By using these 
temperature-dependent features, Mori et al. have proposed a method to discriminate various volatile 
organic compounds (VOCs) using a set of ∆U-data measured isothermally at different temperatures 
[91]. 
So far, numerous investigations have been carried out to study the response behaviors of mixed-
potential type gas sensors at isothermal operation [30, 93-96]. However, only some of those research 
activities emphasized the influence of temperature on the sensing performances at several discrete 
temperatures [95, 96] and nearly no results of the sensor response at continuous temperature 
variation are available in literature. On the other hand, temperature dependent dynamic sensor 
responses of SnO2 based semiconductor sensors have been successfully utilized in the past to 
realize gas species identification in combination with numerical analysis [97-100]. It is expected that 
mixed potential gas sensors show gas component specific responses as well because of the specific 
electrode processes at continuous variation of temperature. Especially In addition to those 
investigations on mixed potential gas sensors under steady state conditions, dynamic methods, 
which means time dependent change in temperature or electrical polarization on the electrode, open 
up new possibilities to enhance the sensitivity and selectivity of such type of sensors. 
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1.2 Outline 
In this work, the role of gold in gold-platinum admixture based mixed potential electrodes will be 
studied. For that purpose, layered Au,Pt-YSZ mixed potential gas sensing electrodes are going to be 
investigated by combining different kinds of electrochemical methods and material analytical 
approaches, in order to achieve a better understanding and a deeper insight of the following aspects, 
as illustrated below (Fig. 1): 
 The role of Au on the mixed-potential formation at the layered Au,Pt-YSZ electrodes with non-
uniform material distribution, i.e. the correlations between the electrochemical characteristics 
of the electrode and its material properties  
 The Influence of temperature and different gas atmospheres on the electrochemical (Open 
Circuit Potential, Cyclic Voltammetry and Electrochemical Impedance Spectroscopy) 
characteristics of the electrode under isothermal operation 
 The behaviors of the electrodes under dynamic conditions, i.e. time dependent change in 
temperature or electrical polarization on the electrodes, for gaining better sensing 
characteristics.  
 The effects of the high temperature aging process and the electrochemical treatment on the 
electrochemical characteristics of the electrode  
The morphological and structural properties of the layered Au,Pt-YSZ electrodes prepared under 
different conditions in terms of the Au layer thickness and the sintering temperature of the electrode 
are going to be studied by environmental scanning electron microscopy (ESEM), X-ray diffraction 
crystallography (XRD) and glow-discharge optical emission spectroscopy (GD-OES), and correlated 
with open-circuit potential (OCP) measurements under CO exposures and cyclic voltammetry (CV) 
measurements in synthetic air at 600 °C. Based on these results, a qualitative model is proposed to 
interpret the sensing mechanism of the layered Au,Pt-YSZ electrodes. 
After that, at a selected temperature (600 °C), the sensors are going to be further investigated by CV 
and EIS measurements under exposure to various gas atmospheres with different CO and O2 
concentrations. By analysis of these dynamic electrochemical characteristics of the sensors, the 
electrode processes involved in the mixed potential formation and their possible interactions under 
electrical polarization conditions are then discussed and elucidated.      
In order to study the influences of temperature, additional electrochemical investigations including 
OCP, CV and electrochemical impedance spectroscopy (EIS) measurements will be carried out in an 
extended temperature range from 500 °C ─ 700 °C, while the sensors are operated under isothermal 
condition. The OCP sensing responses at elevated temperatures are correlated with the 
corresponding dynamic electrochemical behaviors (CV and EIS characteristics) of the sensors 
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characterized under the same temperatures. Moreover, the OCP response behaviors are going to be 
studied under thermo-cyclic operation as well. 
With regard to the high temperature aging effect, OCP and EIS measurements are firstly conducted 
on freshly fabricated sensors. After the aging process, the OCP and EIS behaviors of the same 
individuals are then comparatively studied under the same experimental conditions. This kind of 
comparative study of the OCP and EIS behaviors is later also applied to investigate the effect of 
cathodic polarization on the electrochemical characteristics of the sensors, especially in relation to 
the response sensitivity and long term stability. The differences in the OCP and EIS behaviors before 
and after the aging process and the cathodic polarization will be discussed in context with the 
irreversible/reversible changes at the TPB of the electrodes.  
 
Fig 1: Schematic representation of the scope of investigation 
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2. THEORY OF MIXED-POTENTIAL FORMATION 
Mixed potential theory is originally proposed in electrochemistry to describe generation of the 
interfacial potential at ion-selective membranes. It relates the potentials and currents from differing 
constituents to come up with a ‘weighted’ potential at zero net current, i.e. it is an electrode potential 
resulting from a simultaneous action of more than a single ionic exchange process across the 
interface, while the net electrode current is zero [101, 102]. The concept of mixed potential for YSZ 
based sensors was first introduced to explain non-ideal behavior of an oxygen sensor in the mixed 
gases of air and fuel at temperatures below 500 °C by Fleming [103]. A detailed theoretical model 
was later proposed by Miura [51] to interpret the sensing mechanism of YSZ based mixed-potential 
type gas sensors. For further elucidation of this model, we consider a simple case of a sensor that 
consists of a sensing (SE/MPE) and a reference electrode (RE) on a YSZ solid electrolyte exposed to 
a simple gas mixture, e.g. carbon monoxide of several hundred ppm in air (Fig. 2).  Material 
composition is assumed to be uniformly distributed at the sensing/mixed-potential electrode stated 
above. 
 
Fig. 2: Illustration of the electrode processes contributing to the potential formation on the SE and the RE of a 
mixed-potential type gas sensor. Both electrodes are exposed to the same gas mixture containing CO, 
O2 and N2.  
The RE is routinely made of highly catalytic active materials, for example platinum (Pt). This means at 
elevated temperatures, the CO (several 100 ppm level) first reacts with the O2 (vol.% level) via the gas 
phase reaction (3) (CGR) at/in the electrode layer forming a reaction equilibrium. The potential formed 
at the RE is determined by the thermodynamic equilibrium among the residual O2 from the gas 
phase, the electrons from the RE and the O
2-
 ions from the YSZ according to the reaction (4) 
  21 
proceeding at the triple phase boundary (TPB).  Correspondingly, the potential is expected to show a 
Nernstian behavior at the RE/YSZ half-cell. 
2𝐶𝑂 + 𝑂2 → 2𝐶𝑂2 (CGR) (3)  




°°(𝑌𝑆𝑍) + 2𝑒−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) ⇄ 𝑂𝑂
𝑥(𝑌𝑆𝑍) 
 (4)  
 
However, the situation of potential formation at the SE is different. At this electrode the 
thermodynamic equilibrium of oxygen reaction (reaction (4)) is not achieved, and the electrode 
potential shows a non-Nernstian behavior. The half-cell potential is determined by an anodic reaction 
with CO (reaction (5)) and a cathodic reaction with O2 (reaction (6)) occurring simultaneously at the 
TPB: 
𝐶𝑂(𝑔) + 𝑂𝑂
𝑥(𝑌𝑆𝑍) → 𝐶𝑂2(𝑔) + 𝑉𝑂





°° (𝑌𝑆𝑍) + 2𝑒−(𝑀𝑃𝐸) → 𝑂𝑂
𝑥(𝑌𝑆𝑍) 
(ORR) (6)  
 
When the gas mixture composed of CO balanced with air flows over the SE, at first it penetrates the 
electrode layer, where part of CO reacts with the O2 via the gas phase reaction (CGR) (reaction (3)).  
The residual CO together with the O2/N2 mixture then reaches the TPB, at which the electrochemical 
reactions (5) and (6) proceed and directly contribute to the potential formation. Under the zero current 
(i=0) condition the mixed potential of the half-cell represents the state, when the electron transfer rate 
of the electrochemical oxidation of CO (EOC, (3)) equals that of the oxygen reduction reaction (ORR, 
(6)). That is to say, the potential formed at the SE is determined by the balance of the rates of the 
CGR (3), the EOC (5) and the ORR (6) proceeding at different locations of the electrode. 
The mixed potential formation can be quantitatively deduced as a function of CO and O2 
concentration according to the Butler-Volmer equation [20, 22, 38]. Under the assumption that the 
rate-determining steps are the kinetics of the electron transfer reactions (5) and (6), the 
corresponding current densities for the anodic (𝑗𝐶𝑂) and the cathodic (𝑗𝑂2) reaction can be expressed 
as following: 
𝑗𝐶𝑂 = 𝑗𝐶𝑂
0 𝑒𝑥𝑝{2𝛼1𝐹(𝜑 − 𝜑𝐶𝑂
0 )/𝑅𝑇}  (7)  
 
𝑗𝑂2 = 𝑗𝑂2
0 𝑒𝑥𝑝{−4𝛼2𝐹(𝜑 − 𝜑𝑂2
0 )/𝑅𝑇}  (8)  
 
where φ is the electrode potential, F is the Faraday constant, R is the molar gas constant, T is the 
temperature in Kelvin, 𝜑𝑜  is the equilibrium electrode potential of the correspondingly involved 




 are the corresponding exchange current densities and 𝛼 is the transfer 









  (10)  
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where C signifies the concentration of CO and O2, and 𝐵1, 𝐵2, 𝑚 and 𝑛 are constants. 𝑗𝐶𝑂
𝑜
 and 𝑗𝑂2are 
opposite in sign, and the mixed-potential is derived by solving Eqs. (7) and (8) under the condition 
|𝑗𝐶𝑂| = |𝑗𝑂2| or 𝑗𝐶𝑂 + 𝑗𝑂2 = 0, as depicted in Fig. 3a and given in Eq. (11) 






















 (12)  
 
 
Fig. 3: Illustration of (a) electron transfer reaction kinetics and (b) diffusional transport controlled mixed-
potential formation 
The expression of mixed-potential as a function of CO and O2 concentration can be simplified to Eq. 
(13): 







 (14)  
 
Under the condition that the CO- or the O2 concentration is kept constant, Eq. (13) is further simplified 
to either of the following equations: 
                    𝜑𝑚 = 𝜑𝑜
′ − 𝑚𝐴 ln 𝐶𝐶𝑂          (𝐶𝑂2𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡)  (15)  
 
                    𝜑𝑚 = 𝜑𝑜






 are constants. 
These equations indicate that the yielding mixed potential is linearly related with the logarithmic 
variation of CO concentration under fixed oxygen concentration (Eq. (15)), or linearly related with the 
logarithmic variation of oxygen concentration under fixed CO concentration (Eq. (16)). The slope of 
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these correlations, namely −𝑚𝐴 or 𝑛𝐴, are determined by the kinetic parameters such as 𝛼 and 𝑚 (or 
𝑛). 
However, taking the kinetics of the electron transfer reactions as the rate determining steps is not a 
necessary assumption in all cases of mixed potential formation. If CO is highly consumed via the gas 
phase reaction (CGR, reaction (3)) in the electrode layer (Fig. 2), the anodic current density for the 
EOC (reaction (5)) proceeding at the TPB may obey the following relationship in the case of a 





 (17)  
 
where 𝐷𝐶𝑂  is the diffusion coefficient of carbon monoxide and 𝛿  is the diffusion boundary layer 
thickness [22]. In addition, if we further assume the mixed potential occurs at potentials near the 
equilibrium 𝜑𝑂2
𝑜
, the oxygen reduction kinetics may be represented by the low overpotential linear 
approximation of the  Butler-Volmer equation: 
𝑗𝑂2 = 𝑗𝑂2
0 4𝐹(𝜑 − 𝜑𝑂2
0 )/𝑅𝑇  (18)  
 
Combining this linear oxygen reduction kinetics (Eq.(18)) with the diffusional mass transport limited 






 (19)  
 
This indicates, the mixed-potential may also show a linear dependence on the CO concentration 
under fixed O2 concentration (Eq. (19)), in case that the rate-determining process is the limitation of 
the CO transport to the TPB by diffusion and the oxygen reduction kinetics may be represented by the 
linear approximation of the Butler-Volmer equation at low overpotential. 
The deduction of the mixed-potential stated above is based on the balance of the current densities for 
the two different kinds of electrochemical reactions occurring at the TPB. Following the assumption of 
the even distribution of electrode material, the anodic and the cathodic current densities are also 
evenly distributed along the TPB, which indicates the EOC (5) and the ORR (6)  proceed at a uniform 
rate at different reaction sites, separately. Correspondingly, if we integrate the anodic current density 
for the EOC (5) and the cathodic current density for the ORR (6) over the whole area of the TPB (Eqs. 
20 and 21) respectively, this would result in a balance of the anodic current and the cathodic current 
flowing across the TPB,  
                    𝑖𝐶𝑂 = ∫ 𝑗𝐶𝑂𝑑𝐴 =𝐴 ∙ 𝑗𝐶𝑂      (20)  
 
                    𝑖𝑂2 = ∫ 𝑗𝑂2𝑑𝐴 =𝐴 ∙ 𝑗𝑂2  (21)  
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where A is the area of the TPB. From another point of view this means, the mixed potential is formed, 
when the anodic current (𝑖𝐶𝑂) produced by the EOC is equal to the cathodic current (𝑖𝑂2) produced 
by the ORR, and accordingly the net current (𝑖𝑛𝑒𝑡 = 𝑖𝐶𝑂 + 𝑖𝑂2 = 0) across the TPB is zero. 
According to the model introduced above it can be concluded that, the mixed potential formation is 





) by enhancing the EOC and/or 
depressing the ORR, and reduced by depressing the EOC and/or enhancing the ORR, respectively 
(Fig. 4). In addition, it has to be noted that, part of CO would be consumed before reaching the TPB 
in a non-electrochemical way via the CGR, which may reduce the local concentration of CO at the 
TPB. This will decrease the rate of the EOC, and accordingly depress the mixed-potential formation in 
an indirect way. 
 
Fig. 4: Schematic representation of the mixed potential formation in four kinds of situations according to the 
differences in the kinetics of the electron transfer reactions, taking the assumption of Butler-Volmer rate-
determining kinetics as an example   
So far, the mixed potential generating mechanism (Fig. 2, Eqs. 11&19), and correspondingly the role 
of different involved electrode processes on the mixed potential formation (Fig. 4) have been 
discussed in detail. However, these discussions are based on the assumption of a constant 
temperature, i.e. the sensor is isothermally operated.  
On the other hand, it’s pretty obvious that the electrode processes contributing to the mixed potential 
formation, like gas adsorption/desorption, surface/pores diffusion, gas phase reaction within the 
electrode layer (reaction (3)) and the electrochemical reactions at the TPB (reactions (5) & (6), Eqs. 
(7) & (8)), are strongly influenced by the temperature, even though the corresponding temperature 
dependencies are not clear up to now. In spite of that, it can be still inferred according to [22] that, 
these processes for different gas species probably show distinct dependencies on the temperature, 
since an individual kind of gas species would be involved in these processes at variation of the 
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temperature in a specific manner [104]. Generally those chemical and electrochemical processes can 
be described by Arrhenius-like equations based on the assumption of activated processes with 
different activation energies.    
In particular when the temperature is continuously varied, for example the sensor is thermo-cyclically 
operated (Sec. 3.3), these potential forming processes may probably show different temperature 
behaviors which depend on the kind of gas species involved, and interact with each other in a 
complex way. As a consequence, temperature dependent profiles of mixed potential formation under 
thermo-cyclic condition are expected to show gas component specific characteristics. This aspect is 
discussed in detail in Sec. 4.5.      
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3. EXPERIMENTS 
3.1 Sensor element 
The sensor element studied in this work is commercially available (CarboSen, Lamtec Mess- und 
Regeltechnik für Feuerungen  GmbH&Co, Walldorf, Germany). As schematically shown in Fig. 5, a 
CarboSen sensor element is comprised of two identical layered Au,Pt-YSZ electrodes (3.3mm x 
1.5mm) on top of a porous YSZ layer (4mm x 3.5mm) and a buried Pt reference electrode (Pt-RE). 
The Pt-RE is located between an alumina substrate (17mm x 3.5mm) and the YSZ-layer. A thick-film 
Pt resistive heater is positioned on the reverse side of the substrate to heat up the sensor element to 
operating temperature up to approx. 850 °C.  
 
Fig. 5: Schematic drawing of a CarboSen sensor element in exploded view (a) and the structure of the layered 
Au,Pt-YSZ electrode in cross-sectional view (b) 
According to the technical information offered by Lamtec Mess- und Regeltechnik für Feuerungen  
GmbH&Co, the YSZ layer was fabricated by screen printing. On its top the layered Au,Pt-YSZ 
electrodes (APE) were prepared layer by layer (Fig. 6) in two steps: the thick-film Pt-YSZ parts (90 
mass% Pt and 10 mass% YSZ) were first screen printed and sintered, and afterwards the thin gold 
films were deposited by PVD-technique and again sintered. The distance between these two 
electrodes is approx. 0.2mm (Fig. 5b).  
Sensor elements with two different thicknesses of the Au layer are available, and according to 
different sintering processes of the as-prepared APEs the sensors are classified into type I, type II and 
type III (TABLE 1). The amount of gold deposited at the type II- and the type III-APE is the same, 
which is about the double of that at type I-APE (Völkel and Hammer 2015, personal communication). 
However, the exact thicknesses of Au layer on these types of APEs are not available from the 
manufacturer. 
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Table 1: Preparation parameters of the thin-film Au layer for diffterent types of CarboSen sensor elements 
  






type I 1 850 10 
type II 2 850 10 
type III 2 1050 240 
 
Fig. 6: Schematic drawing of the layer structure of (a) the CarboSen sensor element and (b) the as-prepared 
Au,Pt-YSZ mixed potential sensing electrode before sintering in cross-section view 
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3.2 Electrode material characterization 
An ESEM type XL 30 FEG, Philips Inc. equipped with an EDX system [Inst. for Functional Interfaces, 
Karlsruhe Institute of Technology (KIT)] was used to study the surface morphological structures of the 
different types of APEs listed in Table 1.  
In addition, for further studies of the crystal structure of the APEs, and the Au distribution from the top 
surface into the bulk of the electrodes, two layered Au,Pt-YSZ model samples were self-prepared and 
sintered on an alumina substrate in analogy to the type II- and the type III-APE of the commercial 
sensors, respectively. A commercial Pt paste (ESL 5570, ElectroScience, U.S.A) containing 92 mass% 
Pt and 8 mass% YSZ, which is similar to that used for the CarboSen sensor (Sec. 3.1), was taken to 
fabricate the Pt-YSZ part of the model sample by micro-dispensing and afterwards was fired at 1200 
°C for 90 min. After deposition of the thin-film Au layer by sputtering technique (sputtering power: 
100W, time: 12s), the model samples were fired separately at 850 °C for 10 min and 1050 °C for 240 
min, which are in equivalence with the APE sintering procedure of the commercial sensors.  
However, the thickness of the thin film Au layers on the model samples was estimated to be approx. 
25 nm before sintering, which is probably not the same as the corresponding Au-layer thickness of 
the commercial APEs. The model samples were made in a larger size (7mm x 7mm) due to the 
technical requirements of the analytical instruments. In a later step the depth profile of the metal 
components was estimated by Glow Discharge Optical Emission Spectroscopy (GD-OES) using a 
GD Profiler 2
TM
 (HORIBA, Kyoto, Japan) in collaboration with HORIBA Trading Co., Ltd. Shanghai 
China, and the XRD study was carried out with a MiniFlex X-ray diffractometer (Rigaku Inc., Tokyo, 
Japan).  
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3.3 Steady state and dynamic electrochemical measurements 
For experimental investigations of the electrochemical characteristics of the sensors under various 
gas conditions, an automated test system (Fig. 7) was employed, which enables not only the 
adjustment of gas compositions at a constant flow rate (200 ml/min) but also the sample and record 
of sensor signals. This automated sensor test system is a standard test setup used at the Institute of 
Sensor and Information Systems (Karlsruhe University of Applied Sciences), which consists of a gas 
mixing setup, a sensor test cell and a data acquisition and control unit as schematically shown in Fig. 
7a.  
 
Fig. 7: Schematic drawing of the automated sensor test system (a) and photographs giving an overview of  this 
system (b), and the sensor test cell openned (c) and arranged in the measurement setup (d).  
The gas compositions were adjusted to predetermined values by mixing gas flows of parent gases 
(5000 ppm H2, CO or C3H6 in synthetic air) with dry synthetic air and N2. The flow rates of the gas 
flows were controlled by mass flow controllers via a Labview program (Fig. 7a). Under well-defined 
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gas atmospheres, the steady state (OCP) and the dynamic (CV and EIS) electrochemical 
measurements were carried out using an electrochemical working station (PalmSens3/MultiEmStat, 
PalmSens, The Netherlands), while the corresponding electrochemical data were sampled via the 
operating softwares (PSTrace/MultiTrace, PalmSens, The Netherlands).   
 
Fig. 8: The electrical wiring arrangements for (a) OCP measurements (on the left red dashed line), CV 
measurements (on the right blue dashed lines), (b) EIS measurements and (c )sensor regeneration 
Sensing behaviors (OCP response) of the sensors were studied by measuring the potential difference 
(ΔU) between the APE and the Pt-RE (red dashed line in Fig. 8a) at isothermal and thermo-cyclic 
operation, separately. Working temperatures of the sensors were characterized using an infrared 
camera (PYROVIEW 320L, DIAS Infrared GmbH, Dresden, Germany).  
In isothermal experiments, the OCP responses were measured for all the three types of sensors under 
exposure to various concentrations of target gases (H2, CO, CH4 and C3H6) balanced with different 
O2/N2 admixtures, while the sensors were operated isothermally at a certain temperature in the range 
between 500 °C and 700 °C. The detailed experimental conditions for different types of sensors are 
listed in TABLE 2.  
Thermo-cyclic experiments were carried out on a type II-sensor under exposure to H2, CO, and C3H6 
containing gases, separately. The corresponding OCP data were sampled at simultaneous sensor 
operation with a triangular scanning heating voltage with a period of 300 sec, which resulted in a 
linear variation of the sensor operating temperature ranging between 410°C and 670°C as checked by 
IR-camera. 
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Table 2: Detailed experimental conditions (gas compositions and temperatures) for the type I, II and III sensors 
(Gas flow at all experimental settings was 200 ml/min)  









O2 Vol.% T [°C] 
conc. range/step 
variation [ppm] 
O2 Vol.% T [°C] 
type I 0 ─ 1000 / 250 5 ─ 20 600 ─ ─ ─ ─ ─ ─ 
type II 
0 ─ 1000 / 250 
or 0 ─ 2000/500 
5 ─ 20 500 ─ 700 0 ─ 2000/500 7 ─ 20 650 0 ─ 1000/250 20 650 
type III 
0 ─ 1000 / 250 
or 0 ─ 2000/500 
5 ─ 20 500 ─ 700 0 ─ 2000/500 7 ─ 20 650 0 ─ 1000/250 20 650 
Complementarily, the dynamic electrochemical behaviors of the electrodes were firstly investigated by 
CV and EIS measurements at 600 °C in various gas atmospheres at different CO (0 – 1000ppm) and 
O2 concentrations (5 – 20 vol.%). In a later step, the CV and the EIS characterizations of the 
electrodes were extended in a broader temperature range (500 ─ 700 °C), which are the same as 
adopted in the OCP measurements, but only under exposure to synthetic air.  
A three-electrode configuration was used in the CV measurements, as shown in Fig. 8a (blue dashed 
line). Every CV measurement was done with five scans at a potential scan rate of 50 mV/s. In Chap. 4, 
all the CV results are discussed using the last scan, when the cyclic voltammogram had approached 
to steady state. Each potential scan started from the equilibrium potential 𝜑𝑒 and was followed by a 
negative sweep to Uvertex1. Afterwards, the scan direction was reversed and then swept positively to 
Uvertex2, and in the end went back to 𝜑𝑒 again, as depicted in Fig. 9. Different sets of negative and 
positive and negative Uvertex were applied to characterize different types of sensors, which are 
described in TABLE 3.  
The EIS measurements were conducted on the sensors using a two-electrode configuration (Fig. 8b). 
A sinusoidal voltage with a frequency sweep from 10 kHz down to 10 or 2 mHz and a perturbation of 
10 mV was applied on the electrochemical cell Au,Pt-YSZ/YSZ/ Au,Pt-YSZ to study its EIS 
characteristic, which is a combination of an interfacial part (electrode/electrolyte) and a bulk part 
(electrolyte).  Electrical equivalent circuit parameters describing the interfacial processes were 
extracted from the EIS data, and plotted over the O2 concentration or the operating temperature 
(Arrhenius plot) to get an insight on the processes involved in the electrochemical cell and especially 
the electrochemical reactions proceeding at the electrode/electrolyte interface (Sec. 4.2 & 4.4).  
Table 3: Vaired parameter sets used in the CV measurements for different types of sensors 
  Parameter set 1 Parameter set 2 
  Uvertex1 [V] Uvertex2 [V] T [°C] Uvertex1 [V] Uvertex2 [V] T [°C] 
type I --0.8 0.5 500 ─ 600 ─  ─  ─  
type II --0.8 0.5 500 ─ 600 --0.4 0.3 600 
type III -0.5  0.5  600  --0.4 0.3 600 
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Fig. 9: Illustration of a potential scan used in the CV experiments 
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3.4 Stability tests and regeneration of sensors 
Long term stability of the sensors was studied by OCP and EIS measurements (Sec. 3.3), while they 
were operated i) under gas exposure or ii) in ambient air.  In the stability tests under gas exposure, a 
type II and a type III sensor were operated at 650 °C and exposed to H2, CO, and C3H6 balanced with 
O2/N2 mixtures, separately.  Concentrations of these gases were changed from 0 ppm to 2000 ppm at 
varied O2 concentrations ranging from 7 – 20 vol.%.  In order to evaluate the sensitivity variation under 
these gas exposures, the OCP responses at a concentration of 1000 ppm test gas balanced with 
synthetic air were sampled separately for each gas species in the beginning, at the intermediate time 
of the procedure and the end of the test, as depicted in Fig. 10. The duration of gas exposure is the 
same for all the three different kinds of gas species, which is approx. 12h. In addition, ex-situ 
observations on the optical changes of the electrode surfaces were carried out with a digital 
microscope ((VHX-500F, KEYENCE Corp, Japan) in the experimental procedure.    
 
Fig. 10: Gas (H2, CO or C3H6) concentration profiles used in the stability tests under gas exposures 
With respect to the stability tests under ambient air condition, another fresh individual of type III 
sensor was operated at 600 °C for 100 days. The OCP responses of the sensor were characterized 







 day separately, while the corresponding EIS characteristics were studied at the same 
temperature but only in synthetic air. Except for the operation in these measurements, the sensor was 
kept in ambient air at 600 °C over this period of 100 days. After that, the sensor was tried to be 
regenerated by negative electrical polarization using a two-electrode configuration (Fig. 8c). Potential 
scans between the equilibrium potential 𝜑𝑒 and -0.6 V with a scan-rate of 50 mV/s were applied to the 
Au,Pt-YSZ/YSZ/Pt cell at elevated temperatures (600 °C ─ 700 °C) at 5 vol.% O2 or in synthetic air. 
These scans were repeated, and afterwards the OCP and EIS measurements were carried out under 
the same conditions as stated above. 
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4. RESULTS AND DISCUSSION 
4.1 Correlation of structural properties of layered Au,Pt-YSZ electrode with its 
electrochemical characteristics  
4.1.1 Structural properties of the layered Au,Pt-YSZ electrode 
Structural properties of three types of APE (Sec. 3.1) were studied with respect to the morphological 
and the crystal structure of the electrode, and the distribution of elemental composition within the 
electrode layer separately. Fig. 11a shows that the sensor element comprises a porous APE electrode 
layer (thickness: approx. 15 μm) on top of a less porous YSZ-layer (thickness: approx. 45μm) and a 
thin Pt-RE layer which is located between a compact alumina substrate and the YSZ-layer.  
The Au on the YSZ layer between the electrodes does not hold the shape of a continuous layer but is 
crystallized after sintering process. As shown in Fig. 11e, almost all the Au was crystallized on the YSZ 
layer at the type I-sensor with thinner Au deposition, while only part of the Au got crystallized at the 
type II-sensor with thick Au deposition (Fig. 11f). In addition it is found from Fig. 11g that, the size of 
Au crystals on the YSZ layer is larger at the type III-sensor sintered at 1050 °C compared to those at 
the type I- (Fig. 11e) and the type II-sensor (Fig. 11f) sintered at 850 °C.   
 
Fig. 11:  ESEM images of the layer structure of the sensor element (cross section) (a), the Au,Pt-YSZ electrodes 
(top view) of type I (b), type II (c) & type III (d), and the corresponding YSZ layers (top view) between 
the electrodes (e-g) 
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The porous electrode structure is found for all the three types of sensors. No clear difference can be 
seen in the electrode morphology in terms of porosity and grain size at 1000x magnification (Fig. 11b-
d). But, at 5000x magnification it is shown that, the electrode surface of the type II-APE is found to be 
covered by an inhomogeneous bright layer (Fig. 12 b, e.g. the red dashed rims) which was confirmed 
to be Au by EDX analysis. But, such a well-connected Au layer cannot be observed on the electrode 
surfaces of the type I- and type III-APE, as depicted in Fig. 12 a and c respectively.  
On the other hand, the surface morphology of the type III-APE is seen to be also different from that of 
the type I-APE.  Some parts on the surface of the type III-APE (e.g. Fig. 12 c, the red dashed rim) 
seem to be covered by a relatively more homogeneous layer compared to that on the type II-APE. 
However, this homogeneous layer could not be identified as Au by EDX analysis. This is probably due 
to the higher sintering temperature (1050 °C vs. 850 °C) and the longer annealing time (4h vs. 10min) 
for this type of APE (Sec. 3.1). That is to say, the sintering process of the type III-APE after the step of 
thin Au film deposition is assumed to bring about a stronger diffusion (into the inner regions of the 
electrode) and perhaps a more intensive alloying of Au with Pt at the higher sintering temperature 
(1050 °C) for a longer sintering time (240 min) compared to the other two APEs.  
These observations of different electrode surface morphologies due to different sintering conditions 
(Sec. 3.1) and the corresponding interpretations, are also well correlated with the XRD and the GD-
OES analysis of the model samples prepared in analogy to the corresponding commercial APEs (Fig. 
13), which are discussed in detail in the following paragraph. 
 
Fig. 12: ESEM images of all the three types of APE at 5000x magnification (a: type I, thinner Au deposition, 
sintered@850°C; b: type II, thicker Au deposition, sintered@850°C; c: type III, thicker Au deposition, 
sintered@1050°C) 
The crystal structure of the APEs, and correspondingly the elemental distribution within the electrode 
layer were investigated by XRD and GD-OES analysis of two self-made model samples, which were 
prepared in the very similar procedure to the type II- and the type III-APE of the commercial sensor, 
respectively (Sec. 3.2). However it has to be noted that, there are still some discrepancies in the 
preparation of the commercial APEs and the model samples, like the difference in the Pt pastes used 
for the fabrication of the thick film Pt-YSZ body and the thickness of the thin film Au layer deposited by 
PVD technique (Sec. 3.2). Despite of those discrepancies, both the commercial APEs and the model 
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samples possess a similar layered structure with a porous thick film Pt-YSZ body covered by a thin 
film Au layer.  
Accordingly, it is assumed that the XRD and the GD-OES analytical results of the model samples also 
hold for the commercial APEs. Fig. 13 shows the XRD patterns of the model samples with the same 
amount of Au deposition but sintered at the two different temperatures. Both types of model samples, 
no matter if sintered at the lower or the higher temperature, show mainly the characteristic peaks of 
polycrystalline Pt and ZrO2 (Fig. 13 a&d). However by carefully checking the zoomed views of the 
XRD patterns in the range where the Au peaks are expected, several small characteristic peaks of Au 
(at 2θ = 38.94°, 45.24° and 65.62°) were observed for the model sample sintered at 850 °C (Fig. 13 
b&c), while these Au peaks were not found for the model sample sintered at 1050 °C (Fig. 13 d-f). 
This is a clear indication that part of the Au forms a separate crystalline phase when sintered at the 
lower temperature (850 °C). But this was not observed when the sample was sintered at 1050 °C.  
From the ESEM and the XRD analytical results, it could be tentatively concluded that by sintering at 
the higher temperature the Au reaches deeper regions of the electrode layer by diffusion and tends to 
alloy more intensively with Pt rather than to form a separate crystalline phase on the electrode 
surface. This interpretation is in good consistence with the binary alloy phase diagram of Pt-Au 
system as shown in the appendix [105], and is supported by the results of the GD-OES analytical 
experiments shown below (Fig. 14). 
 
Fig. 13: Overview of the X-ray diffraction patterns of the self-prepared model samples sintered at 850 °C (a) and 
1050 °C (d), and the corresponding zoomed views in the Au peak range for the low temperature (b,c) 
and the high temperature (e,f) sintered samples, respectively 
GD-OES analytical experiments reveal that the Au distribution from the top surface into the bulk of the 
Au,Pt-YSZ electrodes is strongly influenced by the sintering conditions as depicted by the depth 
  37 
profiles of metal components (Pt, Zr, Al and Au) of the self-prepared Au,Pt-YSZ samples sintered at 
850 °C and 1050 °C in Fig. 14a and Fig. 14b, respectively. Except the Au-depth profile, the 
distributions of the other metal components (Pt, Zr and Al) within the sample layers are very similar for 
both types of the model samples. After a small peak observed at about 15 s, the Pt content is almost 
kept constant till approx. 210 sec, and after that reduces dramatically. The Zr-content rises rapidly in 
the very beginning, and afterwards only increases with a very slow rate. Similar to the Pt-content, 
there is a clear reduction of the Zr-content after 220 s. At the same time of analysis the Al-content 
rises and grows significantly. This is an indication of the transition from the Au,Pt-YSZ sample to the 
alumina substrate.  
On the other hand, a significantly distinctive Au distribution within the sample layer is observed for 
both types of model samples. The Au content in the sample sintered at 850 °C is sharply decreased 
from the very beginning, and approaches to zero after about 100 s (Fig. 14a). However, a much more 
moderate Au gradient decrease with a clearly smaller surface concentration was found for the sample 
sintered at 1050 °C, and even after 200s a very slight analytical response of the Au content was 
detected (Fig. 14b).  
The total thicknesses of both samples were measured to be approximately 15 µm. Correspondingly, if 
assuming a constant rate of erosion, the thickness of the layer where the Au-content declines from 
the surface concentration to about zero is estimated to be about 3-5 µm for the sample sintered at 
850 °C, while the Au content is detectable almost over the whole thickness of the sample layer 
sintered at 1050 °C.  This means, that the Au partly diffuses from the top surface into the Pt-YSZ thick-
film layer during the firing process after the step of thin Au film deposition at 850 °C (10 min) and 1050 
°C (240min), respectively (Sec. 3.1 & 3.2). The corresponding Au distribution gradients over the 
thickness of the samples are highly dependent on the sintering temperature and time. 
 
Fig. 14: GD-OES analysis of elemental depth profile of the self-prepared model sample sintered at (a) 850 °C 
and (b) 1050 °C 
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From these material analysis results stated above, it can be concluded that the higher sintering 
temperature (1050 °C) of the APE/the model sample results in not only a more uniform morphology of 
the electrode surface without a separate crystalline phase of gold (ESEM & XRD), but also in a better 
alloying of Au and Pt [105] in the inner parts of the electrode by diffusion of Au during the sintering 
process (GD-OES). These clear differences, in the morphological, crystal and structural properties of 
the APEs due to the different amount of Au deposition and sintering conditions (Sec. 3.1 & 3.2), are 
assumed to be the reasons for different catalytic activities over the electrode layer, and probably for 
their different electrochemical behaviors as well. 
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4.1.2 Mixed-potential formation at the layered Au,Pt-YSZ electrode - a qualitative model 
Due to the special structural properties of the APEs (Sec. 4.1.1), it seems to be not sufficient to 
interpret the potential formation processes at such kind of electrodes by applying the well-accepted 
model of the mixed-potential forming mechanism proposed by Miura et al [20, 51], as introduced in 
Chap. 2. This model is frequently cited in the discussions of mixed potential gas sensing behaviors 
[20-22, 38, 51, 106]. It deals with the potential forming mechanism of the kind of mixed potential 
electrode (Fig. 15a), at which the potential is formed uniformly and only at the interface between the 
MPE and the solid electrolyte, due to the assumption that the material compositions are evenly 
distributed in the electrode, and don’t contain ZrO2 as an additive. 
 
Fig. 15: Iillustrations of the mixed-potential electrode/YSZ half-cell with a uniform electrode material distribution 
(a), and the layered Au,Pt-YSZ electrode/YSZ half-cell (b)  
However with respect to the potential formation at the APEs, the situation is clearly different. From Fig. 
14, it has to be concluded, that the mixed potential formation of the APE can proceed over the whole 
electrode layer due to the addition of ZrO2 (extension of the TPB), but the formation of the mixed 
potential is not uniform, as in the Au,Pt-YSZ-composite the Au concentration shows a gradient from 
top to the inner parts of the electrode dependent on the sintering condition. This indicates, the EOC 
(reaction (5), Chap. 2) might probably proceed at non-uniform rates at different deepness of the 
porous electrode layer depending on the Au concentration, and the same should also hold for the 
ORR (reaction (6), Chap. 2).  
Consequently, we have to infer that over the thickness of the APE, the current densities show an 
uneven distribution in correlation with the Au concentration gradient from the surface to the bulk of the 
electrode (Fig. 14). But, if we only consider the case of a certain layer of the APE at the depth x with 
an infinitesimal thickness dx (Fig. 15b), a uniform electrode material distribution with a constant Au 
concentration can be assumed within this infinitesimal thickness dx. As a consequence, it is 
postulated that at this layer at the depth x the anodic and the cathodic current densities are evenly 
distributed, but mostly they are not balanced to zero. 
At the depth x1 close to the electrode surface where the Au concentration is higher compared to that 
in the inner part of the electrode (Fig. 15b), the anodic current density is deemed to be higher than 
the cathodic one, since the EOC (reaction (5), Chap. 2) is more favored at the reaction sites with 
higher Au concentration compared to the ORR (reaction (6), Chap. 2) [52]. As a result, by integrating 
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these two current densities in the layer at the depth x1 (Eqs. (22) and (23)), a positive net current (Eq. 
(24)) is expected. The situation of the potential formation is different at the deeper parts of the APE, 
due to the decrease of Au concentration with depth from the top to the deeper regions of the 
electrode. The net current (Eq. (25)) at a deeper depth (e.g. x2) compared to x1 would become less 
positive than 𝑖𝑛𝑒𝑡
𝑥1
, as the EOC (reaction (5), Chap. 2) gets less favored at the reaction sites with 
reduced Au concentration. At a certain depth x3 (>x2), the EOC (reaction (5), Chap. 2) may even 
proceed at a same rate as that of the ORR (reaction (6), Chap. 2), which would consequently result in 
a zero net current at this layer (Eq. (26)).   However, when reaching an even deeper part of the APE 
(e.g. at depth xn), the net current (𝑖𝑛𝑒𝑡
𝑥𝑛
) is presumed to become negative (Eq. 27), due to the reason 
that the Au concentration at this depth is so low that the ORR (reaction (6), Chap. 2) is now 
dominating in relation to the EOC (reaction (5), Chap. 2). 
𝑖𝐶𝑂
𝑥1 = ∫𝑗𝐶𝑂
𝑥1𝑑𝐴 = 𝐴 ∙ 𝑗𝐶𝑂
𝑥1
 




𝑥1𝑑𝐴 = 𝐴 ∙ 𝑗𝑂2
𝑥1
 





𝑥1 > 0  (24)  
 
Even though the net currents at different depth of the APE are dependent on the individual local 
Au/Pt-ratio and in most cases are not balanced to zero, the corresponding integral of them over the 
whole electrode layer, which represents the overall net current flowing through the APE (𝑖𝑛𝑒𝑡
′
), must be 














𝑥𝑛 < 0  (27)  
 
𝑖𝑛𝑒𝑡
′ = ∫ 𝑖𝑛𝑒𝑡
𝑥 𝑑𝑥 = ∫ 𝑖𝐶𝑂
𝑥 𝑑𝑥 + ∫ 𝑖𝑂2
𝑥 𝑑𝑥 = 0 
 (28)  
 
Following the discussion above, the mixed potential at the APE is proposed to be established under 
the condition, when the sum of the anodic and the cathodic currents, both non-uniformly distributed 
over the APE at different depths, are balanced over the whole electrode. In spite of this structural 
difference of the APE compared to the electrodes with uniform material distribution, it can be still 
assumed that the chemical oxidation of CO and the electrochemical reactions at the TPB are the two 
major factors determining the mixed potential formation, which is similar to the electrodes with 
uniform material distribution as reported in [28, 29, 31, 38, 51, 54, 92]. However, it has to be noted 
that the kinetics of the CO chemical oxidation (CGR) (reaction (3), Chap.2) depends on the Au 
distribution with deepness x as well, which is not taken into account in this model. This aspect even 
more complicates the understanding of the potential formation at the APE. As an essential fact it 
makes the electrochemical behavior of the APE dependent not only on the original thickness of the 
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Au-film deposited, but also on the Au concentration gradient over deepness x which is highly 
influenced by the sintering temperature and time (Sec. 4.1.1) after the step of thin Au film deposition. 
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4.1.3 Effect of Au thickness and sintering conditions on OCP and CV behaviors of layered 
Au,Pt-YSZ electrode 
Gas response behaviors of type I-, type II- and type III-sensor under exposure to CO mixed with O2/N2 
mixtures at 600 °C are shown in Fig. 16. Stable and reversible negative potential steps are found for 
all the three types of sensors in response to stepwise variation of CO concentration in the upward and 
downward change. By decreasing the O2 concentration, all the type I ─ III-sensors show an enhanced 
sensing response at the same stepwise variation of the CO concentrations.  
Since the YSZ layers of the sensors were found to be porous (Sec. 4.1.1, Fig. 11), it is presumed that 
the gas atmosphere in the vicinity of the buried reference half-cell (Pt/YSZ) is in thermo-dynamic 
equilibrium with the ambient atmosphere (Sec. 3.1, Fig. 5). In the experiment, the oxygen 
concentration ranged from 5 to 20 vol.%, while the highest concentration of CO was not higher than 
1000 ppm. This means, the Nernst potential generated at the Pt-reference half-cell can be assumed 
to be almost constant at various CO concentrations under the condition of a certain fixed O2 
concentration. That is to say, the delta U is mainly varied with the potential formed at the APE/YSZ 
half-cell [27, 52]. 
In spite of these similarities of the sensing behaviors, the type II-APE with thicker Au deposition 
sintered at 850 °C exhibits a clearly higher response to CO compared to the type I-APE with thinner 
Au deposition sintered at the same temperature (Fig. 16). An even higher response is observed at the 
type III-APE, which has the same thickness of Au deposition as the type II-APE but was sintered at a 
higher temperature (1050 °C). The difference in the response intensity of these types of sensors (Fig. 
16) can be well correlated with their structural properties depending on the thickness of Au deposition 
and the sintering conditions (Sec. 4.1.1), and qualitatively interpreted by the model of potential 
formation proposed in Sec.4.1.2.  
 
Fig. 16: Response behaviors of the type I-(thinner Au deposition layer, sintered at 850 °C, blue curve), the type 
II-(thicker Au deposition layer, sintered at 850 °C, black curve) and the type III-sensor (thicker Au 
deposition layer, sintered at 1050 °C, red curve) under exposure to CO at different concentrations 
balanced with O2/N2 mixtures of varied O2 concentrations at 600 °C. All numbers on the curves indicate 
the CO concentration in 100 ppm.  
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With respect to the effect of Au layer thickness on the APEs, the better sensing response of the type 
II-APE with the thicker Au deposition compared to the type I-APE is firstly attributed to the reduced 
catalytic activity of this electrode for the gas phase reaction of CO  (reaction (3), Chap. 2) by mixing Pt 
with Au, as already proposed by Vogel et al. in [25]. Due to this fact, it is supposed that CO is less 
consumed in a non-electrochemical way at the type II-APE, which consequently increases the local 
concentration of CO at the TPB, resulting in an enhanced anodic reaction and accordingly an 
increased response to CO (Fig. 4, Chap. 2). In addition, the thicker Au layer at the type II-APE is 
assumed to suppress the catalytic activity for the oxygen reduction reaction (reaction (6), Chap. 2), 
which results in a reduced cathodic current density and accordingly induces a larger deviation of 
mixed-potential from the equilibrium potential with oxygen. This could be the second reason for the 
better sensitivity of the type II-APE in comparison with the type I-APE, as discussed in Chap. 2 (Fig. 
4).  
With respect to the influence of the sintering conditions, the higher sintering temperature (1050 °C) 
and longer sintering time (240min) of the type III-APE results in a more even electrode surface 
morphology (Fig. 12 & 13), a more homogeneous Au/Pt-ratio in the inner parts of the electrode (Fig. 
14) and probably a better Au-Pt alloying [105] compared to those of the type II-APE. Due to the fact 
that Au is less catalytically active than Pt [107], it can be inferred that the catalytic activity of the type 
III-APE for the CGR (reaction (3), Chap. 2) and the ORR (reaction (6), Chap. 2) is even lower than that 
of the type II-APE. According to the discussion above, the type III-APE is expected to show a stronger 
response to CO than the type II-APE, which is in good agreement with the experimental observation in 
Fig. 16.  
To prove the hypothesis that the catalytic activity of APE is suppressed by thicker Au deposition 
and/or higher sintering temperature, the change of the ORR depending on the layer thickness of Au 
and its distribution at the electrode was investigated by CV measurements on all the three types of 
sensors in synthetic air, as shown in Fig. 17. The cyclic voltammograms of the type I-, the type II- and 
the type III-APE show considerable differences. A more pronounced cathodic peak is measured for 
type I-APE than that measured for the type II-APE (Fig. 17a), while significantly higher currents both in 
the anodic and the cathodic range are observed for the type II-APE compared to the type III-APE (Fig. 
17b).  
The CV measurements on these types of sensors suggest that the oxygen reaction kinetics at the 
APE is reduced by increasing the layer thickness of Au deposition (cf. type I- & type II-APE), while it 
can be further and even much more decreased by sintering the APE at the higher temperature (cf. 
type II- vs. type III-APE). According to the model introduced in Chap. 2 and the discussion above, the 
highest response to CO is expected and indeed found at the type III-APE (Fig. 16) with the lowest 
activity for the ORR (reaction (6), Chap. 2) among these three types of sensors (Fig. 17). This 
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indicates a domination of the EOC (reaction (5), Chap. 2) in the potential formation in relation to the 
ORR (reaction (6), Chap. 2).  
 
Fig. 17: Comparisons of cyclic voltammograms for a) type I- & type II-APE and b) type II- and type III-APE in 
synthetic air at 600 °C. Curves in different colours represent different individuals of sensor elements  
Furthermore, by analyzing the potential steps of the type I─III-sensor elements in Fig. 16, it is found 
that for the type I- and type II-sensor sintered at 850 °C, the ∆U is linearly changed with the variation 
of CO concentration under fixed oxygen concentration ranging from 5 – 20 vol.% (Fig. 18 a-d). 
However, for the type III-sensor sintered at 1050 °C, the corresponding dependence of the delta U on 
CO concentration is only observed to be linear at 20 and 15 vol.% O2 (Fig. 18 a&b), but starts to 
deviate from the linear dependence when reducing oxygen concentration to 10 vol.% O2 (Fig. 18 c). 
This deviation gets even larger by further reducing the oxygen concentration to 5 vol.% (Fig. 18 d).  
By replotting these data on a logarithmic concentration scale (Fig. 18 e-h) a clear transition from the 
linear to a logarithmic dependence of ∆U on CO concentration between 20 vol.% O2 and 5 vol.% O2 
(Fig. 18 g) is disclosed. This change of the ∆U dependence on CO concentration is only observed at 
the type III-sensor but not at the type I- and type II-sensor, which indicates a transition from the 
transport controlled to the charge transfer reaction kinetics controlled mixed-potential formation at the 
APE sintered at 1050 °C between 20 and 5 vol.% O2. That is to say, at the oxygen concentration 
higher than 10 vol.%, the rate-determining step in the potential formation at the type III-APE is the 
diffusion limitation of the CO transport to the TPB. But this starts to make a transition at 10 vol.% O2, 
and then changes to the  kinetic limitation of the electrochemical reactions occurring at the TPB when 
the oxygen concentration is further reduced to 5 vol.%.  
However, this transition of the rate-determining process in potential formation is not found for the type 
I- and type II-APE sintered at 850 °C. This is possibly due to the higher catalytic activity of these two 
types of APE at which the CO is consumed at a higher rate via the gas phase reaction (reaction (3), 
Chap. 2) especially in the inner part of the porous electrode layer, i.e. the condition of diffusion limited 
transport of CO holds in the electrode potential formation at all the oxygen concentrations.         
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Fig. 18: Dependence of ∆U at all the three types of sensors on different concentrations of CO under fixed 
oxygen concentrations on a linear scale (a-d) and a logarithmic scale (e-h)  
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4.2 Study of electrode processes at layered Au,Pt-YSZ electrodes by CV and 
EIS measurement – two examples    
As already stated in the introduction (Sec. 1.1), the investigations of mixed-potential type gas sensors 
in the past were mainly focused on the measurement of the potential difference (∆U) between the 
mixed-potential electrode and the reference electrode by open circuit potentiometry [20-22, 26-32, 38, 
51, 53, 54, 92, 108]. However, the ∆U value is only a general consequence of the underlying 
complicated mechanisms of potential formation at open circuit and under steady-state conditions 
(Fig. 2 & 3). The knowledge about these potential forming processes, e.g. the adsorption/desorption 
of gas molecules at the electrode surface/TPB, the mass transport processes (diffusion) within the 
electrode layer and the kinetics of the electron transfer processes at the TPB (Fig. 2), and their 
interactions cannot be attained by solely carrying out OCP measurements. 
It was clearly shown in the previous section (Sec. 4.1) that, the higher CO sensing response of the 
APE (Fig. 16) was mainly related to the reduced electrode kinetics for the electron transfer reactions 
with oxygen species (Fig. 17), which is a consequence of the thicker Au layer deposition (Fig. 12) 
and/or the more uniform Au distribution at the electrode due to the higher sintering temperature and 
the longer sintering time. The kinetic information of the electron transfer reactions with oxygen species 
at the TPB was extracted by analyzing the CV characteristics of the sensors (Fig. 17).  
But it has to be pointed out that besides the electrode kinetics, the CV study on the APE yields much 
richer knowledge about the electrode processes involved in the mixed potential formation, especially 
the dynamic information about those processes and their interactions at non-steady state conditions. 
That is to say how the electron transfer reactions at the TPB are influenced by the applied electrode 
potential, and in which way they are related with the mass transport processes occurring in the 
electrode layer at cyclic potential scans and different gas exposures. On the other hand, these 
electrode processes can be also studied by EIS measurements, which offer another possibility of the 
investigation at quasi steady state situations in a broad frequency range, because the polarization 
perturbation at the electrode used in the EIS measurements (10 mV) is much smaller than that used in 
the CV measurements (several hundred mV) (Sec. 3.3).  
As good complements to the OCP data, the results of the CV and the EIS study help to depict a more 
comprehensive model of the electrode processes contributing to the mixed potential formation. In this 
context, two examples of a type III- and a type I-sensor with CV and EIS respectively, are presented 
and discussed in this section to show the possibility of achieving a better understanding of the 
electrode processes by dynamic electrochemical methods. 
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4.2.1 Case study I – CV investigation of a type III sensor 
The CV characteristics of a type III sensor at 600 °C sampled with a scan rate of 50 mV/s under 
exposure to 21, 15, 10 and 5 vol.% O2 are shown in Fig. 19. A pronounced and relatively narrow 
anodic peak was observed in the cyclic voltammogram at 21 vol.% O2, while the peak in the cathodic 
region was found to be broader at the same O2 concentration. By decreasing the O2 concentration 
from 21 to 10 vol.%, the anodic peak became less and less distinct, and this feature got even 
vanished at 5 vol.% O2. For the peaks in the cathodic region, they were kept to be noticeable at all the 
O2 concentrations. When the O2 concentration declined, the cathodic peak was first observed to get a 
little bit more pronounced from 21 to 15 vol.% O2, and then, by stepwise further reducing the O2 
concentration to 5 vol.% O2 the cathodic peak became monotonically smaller and smaller.  
This non-monotonical change of current with O2 concentration is also seen in the electric potential 
region beyond the anodic peaks at about 0.5 V (Fig. 19a dashed rim). The current in this region was 
first increased by decreasing the O2 concentration from 21 to 15 vol.%, but passed a maximum and 
was reduced again when the O2 concentration further declined.  The currents measured in this region 
at 21 and 5 vol.% were found to be almost the same.   
Moreover, the cyclic voltammograms at all the four O2 concentrations depict clear current hysteresis 
(Fig. 19a), i.e. the current difference (∆i) at the same potential but in the positive and the negative 
potential sweep, respectively (Fig. 19b). This hysteresis reflects the charging and the discharging of 
the electrode/electrolyte interface, which is affected by the capacitive characteristic of the interface. 
 
Fig. 19: CV characteristics of a type III sensor at 600 °C under exposure to 21, 15, 10 and 5 vol.% O2 (a), and 
schematic illustration of the baseline for the determination of the anodic &  the cathodic peak and the 
current hysteresis, taking the CV profile at 21 vol.% O2 as an example. 
A very crucial point for understanding the CV data is how to interpret the underlying mechanisms of 
anodic and cathodic peak formation. However, for YSZ based solid state electrochemical systems 
(SEES) there is no common, well accepted model of CV-peak formation up to now. The 
interpretations of those CV-diagrams are still controversially discussed in literatures [64, 73], and 
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there are multiple reasons for difficulties in the interpretation of the CV data of the YSZ based SEES 
and for disagreements, which will be elucidated in detail in the following paragraphs.   
On the one hand, the well-established models used for description of liquid electrolyte based 
electrochemical systems (LEES) [109, 110] cannot be directly applied to YSZ based SEES, because 
the theory in the wet electrochemistry was proposed and developed to treat the processes in two-
phase systems (Fig. 20). In these models, the mass transport processes, including diffusion and 
adsorption/desorption, are deemed to proceed in the liquid electrolyte and on the electrode surface, 
respectively, while the electron transfer processes with redox couples are assumed to occur at the 
electrode/electrolyte interface only. The corresponding CV characteristics of the LEES are interpreted 
based on those processes and their interactions under electric polarization conditions.  
 
Fig. 20: General overview of the electrode processes involved in CV measurements for the liquid electrolyte 
based electrochemical systems (reproduced from [110]) 
 
Fig. 21: Schematic presentation of the possible electrode processes involved in the YSZ based solid state 
electrochemical system, taking the APE as an example 
However, the situation is clearly different at YSZ based SEES. The most distinct difference from the 
LEES is that the YSZ based SEES is a three phase system (Fig. 21), which is comprised of the 
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electrode, the YSZ and the gas atmosphere. The mass transport processes can proceed in more 
various ways at different locations of the YSZ based SEES compared to the LEES as described in the 
following. These processes may include (Fig. 21): i) O2 diffusion in the gas atmospheres to/from the 
electrode surface; ii) diffusion of O2 through the pores in the porous electrode layer to/from the TPB 
and adsorption/desorption at the TPB; iii) O2 adsorption/desorption on the electrode surface and 
surface diffusion of adsorbed oxygen species to/from the TPB. It has to be particularly pointed out 
that the mass transport processes may not only proceed at the side of the gas atmosphere and the 
electrode, but also occur between the TPB and the YSZ bulk, and in the YSZ bulk itself (Fig. 22). All of 
these mass transport processes at both sides of the TPB (Fig. 22) have to be taken into consideration 
when interpreting the influence of the O2 concentration on the CV characteristics of the type III sensor 
(Fig. 19). Furthermore, in difference to the LEES, the electron transfer processes at the YSZ based 
SEES do not take place at the electrode/YSZ interface, but are deemed to proceed at the TPB, the 
unique location where the oxygen species from the gas phase, the oxide ions (O
2-
) from the YSZ and 
the electrons from the electrode are enabled to interact with each other.  
 
Fig. 22: Illustration of the current peak formation related processes for the SEES, including the charge transfer 
reactions at the TPB, and the mass transport processes proceeding from the electrode side to the TPB 
(E ↔ T) and away from the TPB into the bulk of YSZ solid electrolyte (T ↔ Y).   
On the other hand the previous investigations on the Pt/YSZ system revealed that the reversible 
changes at the electrode surface or at the electrode/electrolyte interface induced by electric 
polarization during the CV measurements may be also related to the anodic and the cathodic peak 
formation in the cyclic voltammograms [64, 73].  They comprise the formation of the spillover oxygen 
species (O
δ-
) at the electrode surface and the PtOx or impurity oxides at the electrode/electrolyte 
interface in the anodic polarization, and the corresponding reduction processes in the cathodic 
polarization. These changes have been proven to affect the catalytic activity of the Pt electrode and 
may influence the CV characteristics of the Pt/YSZ system as well [64, 73, 81, 84, 111]. 
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From all of these aspects addressed above, it can be concluded that the electrode processes 
involved in the YSZ base SEES are clearly different, and probably much more complicated than those 
in the LEES. This makes an unambiguous understanding for the CV data of such a system more 
difficult. Several research groups have tried to interpret the peak formation mechanism in the cyclic 
voltammograms based on the speculative formation/reduction of the spillover oxygen species (O
δ-
) at 
the electrode surface or the PtOx at the Pt/YSZ interface [73]. However, most of these investigations 
were carried out under fixed O2 concentration conditions [64, 73, 88, 112], and therefore the 
corresponding models were proposed without taking the influence of oxygen concentration into 
consideration. This makes those models not applicable for the interpretation of the CV data in this 
work, which were sampled at varied O2 concentrations (Fig. 19a). 
Based on these considerations, a model for interpretation of the CV characteristics of the type III 
sensor under varied O2 concentration conditions is proposed here, which, based on a limited data set 
(Fig. 19a), must be a little bit speculative. For simplification of the discussion, a possible underlying 
mechanism for the anodic and the cathodic peak formation is only illustrated for 21 vol.% O2 (Fig. 23), 
and then the influence of the O2 concentration in this model is discussed accordingly.  
 
Fig. 23: Interpretation of the anodic and the cathodic formation processes in the CV profile of the type III sensor 
at 21 vol.% O2 
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As shown in Fig. 23, when the potential is swept negatively to UA (Fig. 23 inset A), the current 𝑖𝑂𝑅𝑅
𝐴
 
starts to incline due to the oxygen reduction reaction (ORRCV) occurring at the TPB (reaction (29)). In 
an electrochemical way, this faradic process transfers the neutral oxygen species to the oxide ions, 
both of which are assumed to be located at the TPB.  
𝑂(𝑡𝑝𝑏) + 2𝑒−
𝑐𝑎𝑡ℎ.  𝑝𝑜𝑙.
→      𝑂2−(𝑡𝑝𝑏) (ORRCV) (29)  
 
By sweeping the potential to UB, the faradic current 𝑖𝑂𝑅𝑅
𝐵
 is further raised owing to a stronger driving 
force on the ORRCV by more negative electric polarization. As a result, this would increase the 
concentration of oxide ions at the TPB (O
2-
(TPB)) (Fig. 23 inset B), based on the assumption that the 
transport of the oxide ions from the TPB to the YSZ bulk is slower than the electron transfer process 
ORRCV at the TPB. When the potential is even more negatively swept, more oxide ions could be 
accumulated at the TPB due to the transport limitation of the oxide ions away from the TPB to the YSZ 
bulk, which would consequently further increase the O
2-
(TPB) concentration (Fig. 23 inset A → B). 
After the O
2-
(TPB) concentration exceeds a certain extent, the ORRCV is postulated to be blocked by 
the accumulation of the oxide ions at the TPB (Fig. 23 inset B → C), and in this way the amount of 
current 𝑖𝑂𝑅𝑅
𝐶
 is expected to be decreased. These series of situations (Fig. 23 inset A → B → C) 
describe the possible mechanism of the cathodic peak formation, which is based on the competition 
between the electron transfer process ORRCV and the transport of oxide ions away from the TPB to the 
YSZ bulk. 





due to the oxygen evolution reaction (OERCV) (reaction (30)) after the positive potential sweep has 
reached UD. This process (OERCV) would electrochemically consume the accumulated oxide ions at 
the TPB, which are produced in the foregoing cathodic polarization procedure, to the neutral oxygen 
species, and accordingly reduce the O
2-
(TPB) concentration (Fig. 23 inset D → E). When the pre-
formed O
2-
(TPB) ions are greatly consumed during the positive polarization, the correspondingly 
induced deficit of these species is expected to depress the OERCV, which is reflected as a reduction 
of the anodic current in the positive potential sweep (Fig. 23 inset E → F). The current beyond the 
anodic peak is then solely given by the diffusion of O
2-
 ions from the solid electrolyte (YSZ) to the tpb. 
That is to say, the formation of the anodic peak is assumed to be originated from the deficit of the 
oxide ions at the TPB when continuously increasing the positive polarization voltage. 
𝑂2−(𝑡𝑝𝑏)
𝑎𝑛𝑜𝑑.  𝑝𝑜𝑙.
→       𝑂(𝑡𝑝𝑏) + 2𝑒− (OERCV) (30)  
 
With respect to the influence of the O2 concentration, the trend of showing the less pronounced 
cathodic peak with an exception at 15 vol.% O2 (Fig. 19a) is presumed to be attributed to the 
depressed rate of the ORRCV at the reduced O2 concentration in the gas phase, since the 
concentration of O(TPB) is supposed to decline with decrease of O2(gas)-concentration according to 
e.g. the Langmuir adsorption model. This means, the concentration of the accumulated oxide ions at 
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the TPB produced during the negative potential sweep is proportional to the O2 concentration in the 
gas phase. That is to say, a higher O2 concentration in the gas phase results in a more production of 
the oxide ions during the negative polarization, which is reflected as a larger cathodic peak (Fig. 19a). 
The slightly larger cathodic peak at 15 vol.% O2 compared to that at 20 vol.% O2 could result from the 
electrochemical reduction of the oxidized metallic part of the electrode at the electrode/electrolyte 
interface by cathodic polarization [64, 71, 88], based on the assumption that those oxidized metallic 
parts become less stable at a reduced O2(gas) concentration. Once this electrochemical reduction 
process takes place at 15 vol.%O2, the resulting metallic state of the electrode part is assumed to be 
preserved but not re-oxidized at the electrode/electrolyte interface in the following CV-cycles 
conducted at the lower O2 concentrations. Consequently, a further enlargement of the cathodic peak 
is not observed when again the O2(gas) concentration is reduced to 10 and 5 vol.%.  This hypothetical 
reduction process may probably increase the electrode kinetics, and can be related to that 
unexpected higher anodic current around 0.5 V at 15 vol.% O2 (Fig. 19a, rim).  
Concerning the effect of the O2 concentration on the anodic peak formation, the less pronounced 
anodic peak at the lower O2 concentration seems to be well correlated to the smaller cathodic peak at 
the same O2 concentration (Fig. 19a). Based on the same discussion in the last paragraph, the 
decreased concentration of the accumulated oxide ions at the TPB produced during the foregoing 
cathodic polarization is supposed to be the reason for the smaller anodic peak at the lower O2 
concentration. However, it has to be noted that the anodic peaks are apparently unsymmetric to the 
cathodic peaks at the same O2 concentrations. More exactly speaking, the areas under the anodic 
peaks are clearly smaller than those under the cathodic peaks at 20, 15 and 10 vol.% O2, and even no 
anodic peak but only a cathodic peak is found at 5 vol.% O2. This unsymmetric behavior may 
probably indicate that not all the oxide ions at the TPB produced during the foregoing cathodic 
polarization are accumulated at the TPB, but part of them transport into the YSZ bulk after the 
cathodic peak formation. An extreme situation seems to happen at 5 vol.% O2, where all the oxide 
ions produced by cathodic polarization are assumed to be transported away from the TPB, and there 
is no accumulation of such species in the following positive scan. Consequently no anodic peak was 
observed at 5 vol.% O2. 
In addition, the CV characteristics of the sensor were also found to be influenced by the presence of 
CO in the gas atmosphere, as shown in Fig. 24. Surprisingly, the CV profiles at CO exposures, i.e. the 
shapes of the cathodic and the anodic peaks and their positions on the voltage-scale, were found to 
be rather similar to those observed at variations of O2 concentrations (Fig. 19a). These observations 
motivate the assumption that with and without the CO exposures, the same types of processes 
dominate the formation of the current peaks in the CV profiles.  
But it has to be pointed out that the dependence of the change of the current peaks on CO 
concentrations is opposite to that on O2 concentrations. In particular by causing a similar change in 
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the CV profiles (cf. Fig. 19a and 24), the variation of CO concentration (0 → 1000 ppm) is noted to be 
much smaller than that of O2 concentration (20 → 5 vol.% ). This could be an indication that, the CO 
wins the competition of adsorption with O2 at the TPB, and therefore the concentration of Oads(TPB) is 
considerably reduced even at such low concentrations of CO. If it is assumed that also in this case 
the processes with oxygen species (see the model proposed above in Fig. 22 and 23) dominate the 
CV characteristics of the sensor, this would consequently change the CV profiles under CO exposure, 
i.e. the cathodic as well the anodic peak are depressed with increase of CO concentration.          
 
Fig. 24: CV characteristics of a type III sensor at 600 °C under exposure to 0, 500, 1000 ppm CO balanced with 
synthetic air 
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4.2.2 Case study II – EIS investigation of a type I sensor 
Besides the characterizations by CV measurements, a type I sensor was investigated with EIS 
measurements at 600 °C under exposure to 20, 15, 10 and 5 vol.% O2 separately, as shown in Fig. 25. 
All the Nyquist plots of the impedances measured in the range from 10 kHz to 2 mHz were observed 
to be resolved into two quasi-semicircles (Fig. 25). The first semi-circles in the high frequency regime 
were found to be smaller than the second ones and almost not influenced by the variation of O2 
concentration. However by decreasing the O2 concentration, the radius of the second quasi-
semicircles in the low frequency regime were noted to be clearly increased.      
 
Fig. 25: EIS characteristics of a type I sensor at 600 °C under exposure to 20, 15, 10 and 5 vol.% O2 separately 
These well-resolved quasi-semicircles reflect different kinds of charge transport/transfer processes 
proceeding in the solid electrolyte (YSZ) and at the electrode/electrolyte interface (Au,Pt-YSZ/YSZ), 
respectively (Fig. 21). Due to the fact that the semi-circles with smaller radius in the high frequency 
regime are nearly independent on the variation of O2 concentration (Fig. 25), they are assumed to 
represent the O
2-
 ion transport process in the solid electrolyte, including the O
2-
 ion transport in the 
YZS grains and across the grain-grain boundaries. Correspondingly, the larger semi-circles in the low 
frequency regime showing increased radius by decreasing O2 concentration are postulated to be 
related to the electron transfer reaction with oxygen species at the Au,Pt-YSZ/YSZ interface (Fig. 22). 
These findings are well consistent with the results of the investigations on Pt/YSZ/Pt system, as 
reported in [113]. Based on these assumptions, it could be inferred that, i) the time constant of the O
2-
 
ion transport process in the YSZ is smaller compared to that of the electron transfer reaction with 
oxygen species at the Au,Pt-YSZ/YSZ interface, and ii) the O
2-
 ion transport process proceeds at a 
higher rate than the electron transfer reaction at the electrode/electrolyte interface at the quasi-steady-
state conditions without significant electrical polarization on the electrode. 
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For further analysis of the EIS data, these quasi-semicircles in the high and the low frequency regime 
measured at different O2 concentrations are extrapolated to the real axis, separately. The polarization 
resistances of the interfacial electron transfer reactions (Rinterface) at different O2 concentrations can be 
calculated by subtracting the interception of the smaller semicircle to the real axis from that of the 
corresponding larger semicircle to the real axis at the same O2 concentration. By plotting the 1/Rinterface 
over the O2 concentration both on a logarithmic scale, the logarithm of 1/Rinterface was found to be 
linearly dependent on the logarithm of the O2 concentration as shown in Fig. 26. The slope of this 
linear dependence is estimated to be approx. 0.49. According to [114, 115], the 1/Rinterface is 
proportional to the exchange current density (𝑗𝑂2
0
) of the thermo-dynamic equilibrium of oxygen 





2⁄    (31)  
 
where 𝑘𝜀 and 𝑘−𝜀 are the forward and the backward rate constants of the thermo-dynamic equilibrium 
of oxygen reaction, respectively. 𝑎𝑂 and 𝑎𝜎 are surface oxygen activity and vacant site activity on the 
APE, respectively. As well described in [110], the 1/Rinterface may be proportional to different orders of 
oxygen concentration in gas phase, depending on the rate determining step in the electrode process 
and the corresponding number of electrons involved in the charge transfer step. The value 0.49 
observed in this work suggests that the electrode processes of the type I-sensor may include a four-
electron transfer step with associatively adsorbed oxygen species controlled by the Langmuir 
adsorption (Expr. 32), as shown in Expr. 33 






2⁄   
 (33)  
 
 
Fig. 26: Dependence of 1/Rinterface on O2 concentration on logarithmic scale for the type I sensor at 600 °C 
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With these two case studies, it is shown that combined CV and EIS offer possibilities to extract 
information about the electrode processes involved in the mixed-potential formation, which cannot be 
resolved and analyzed from the ∆U measurements under OCP conditions only. These aspects will be 
further discussed in Sec. 4.3 where the long term stability of the sensor is concerned and a sensitivity 
regeneration concept by cathodic polarization based on the correlation of the sensing characteristics 
with the electrode kinetics is proposed for the first time.  
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4.3 Selectivity, response stability and recovery by cathodic polarization 
4.3.1 Selectivity and stability of the sensor 
In addition to their response to CO, these types of sensor are also sensitive to other oxidizable gas 
species at elevated temperatures, such as H2 (hydrogen), CH4 (methane) and C3H6 (propene). As an 
example, sensing responses of a type II- and a type III-sensor under exposure to these gas species 
balanced with synthetic air at 650 °C are shown in Fig. 27 a-d and e-g, respectively.  
Generally, the measured ∆U vs. reference half-cell Pt/YSZ was negative at all test gas exposures (Fig. 
27). By plotting the sensitivity of the type II- and the type III-sensor to different test gas species at 
1000 ppm concentration on a logarithmic scale (Fig. 28), the highest response is found in H2 
containing gases for both type II- and type III-sensor, while the lowest response is observed in CH4 
containing gases. This is probably due to the faster kinetics of H2 adsorption, diffusion & 
electrochemical oxidation, and the relatively more stable chemical/molecular structural property of 
CH4 compared to the other test gas species [116]. 
On the other hand, stable and reversible response behaviors were only found in CH4, CO and H2 
containing sample gases (Fig. 27 a-c and e-g). The corresponding measurements under exposure to 
C3H6 resulted in clear asymmetric response comparing upward and downward stepwise changes of 
concentrations (Fig. 27 d&h). Steps of concentration increase/decrease are observed by a sharp 
rise/moderate decay of the potential at each instant of concentration change followed by potential 
relaxation. These two phenomena might reflect a fast potential generating process and an additional, 
relatively slow process running simultaneously. This slow process might change the location of 
potential generation, i.e. the APE/YSZ interface continuously, and might cause some irreversible 
potential changes and instability which is discussed again in more detail below. 
 
Fig. 27: ∆U vs. time response behaviors of the type II- (a-d) and the type III-sensor (e-h) at 650 °C under 
exposure to various concentrations of  CH4, CO, H2 and C3H6 at 20.5 vol.% O2, separately.  
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Fig. 28: Comparison of the sensitivity of (a )the type II- and (b) the type III-sensor at 1000 ppm gas 




at 1000 ppm of different kinds of gas species, respectively. 
Under gas exposure over 12h, both type II- and type III-sensor showed stable response behaviors to 
H2 and CO, while clear sensor response losses were observed in C3H6 sensing experiments (Fig. 29). 
During the experiments coking layers are formed at the sensing electrodes of both types of sensor at 
C3H6 exposure (Fig. 30), but not observed in the H2 and CO sensing tests. Interestingly, the coking 
layer formed on the type III-APE is distributed more homogeneously than that on the type II-APE, 
which is a further indication that Pt and Au are alloyed more homogeneously on the sensing electrode 
of type III-sensor due to the longer annealing procedure at higher temperature in the sensor 
preparation (Tab. 1, Sec. 3.1). This observation is in good accordance with the results of the surface 
morphological and crystal studies of the APEs shown in Fig. 12 & 13 (Sec. 4.1.1). These coking layers 
might be formed by decomposition of C3H6 molecules at Pt [117] according to the reaction below : 
𝐶3𝐻6
𝐴𝑢/𝑃𝑡
→   3𝐶𝑎𝑑𝑠 +3𝐻2 
 (34)  
 
With respect to the potential drift and degradation only observed under C3H6 exposure (Fig. 27 & 21), 
it is assumed, that some irreversible changes at the location of potential generation, i.e. at the 
APE/YSZ interface, are responsible for this instability. Hypothetically, this could be correlated with the 
formation of carbon (coking), but this has to be further investigated. 
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Fig. 29: Change of response behaviors of (a) a type II- and (b) a type III-sensor measured under the same gas 
conditions but at different stage of H2, CO and C3H6 test separately 
 
Fig. 30: Optical images of surface change of the type II- and the type III-APE before and under exposure to 
propene after 0.5h, 4.5h and 12h 
Furthermore compared to those stability tests under gas exposure for 12h as discussed above, the 
stability of CO response of the type III-sensor was investigated on a much more extended time scale 
over 100 days, while the sensors were mainly operated at 600 °C in ambient air. Fig. 31 and Fig. 32 
show the sensing responses to CO and the corresponding EIS characteristics of a type III-sensor in 
synthetic air at 600 °C at different stages of the experiment, respectively. This type III-sensor was a 
fresh one, which was not exposed to any CO, H2 or C3H6, but only kept in ambient air at room 
temperature before used in these stability tests.  
  
  60 
The ∆U was measured to be -66 mV at a CO concentration of 1000 ppm on the 1st day. This value 
was slightly increased to -62 mV after 47 days of operation at 600 °C in ambient air. By prolonging the 
operation time under such condition (600°C, in ambient air) for another 53 days, a drastic reduction of 
the response to only 33% (-22 mV) of the initial value was surprisingly observed after a total operation 
time of 100 days. Moreover, it has to be noted that a slightly positive shift of the baseline from 0.3 mV 
to 2.1 mV was measured in synthetic air (Fig. 31). 
 






 day, and after 
polarization of the APE 
These changes of the ∆U values in the OCP measurements (Fig. 31) are well correlated with the 
changes of the EIS measurements recorded after each OCP test, as shown in Fig. 32. A quasi-
semicircle with a polarization resistance (Rp) of 7.1 kΩ. was measured on the 1
st
 day in synthetic air at 
600 °C. After 47 days’ operation, the Nyquist plot measured under the same condition held the shape 
of a quasi-semicircle, but the Rp was enlarged to about 35 kΩ.. However, only an incomplete 
semicircle was measured after 100 days, and the Rp was calculated to be 434 kΩ after a numerical 
complementation of the semicircle, which was drastically increased compared to those measured 
before. 
By applying cyclic negative potential scans to the APE (Sec. 3.4), the ∆U measured at the CO 
concentration of 1000 ppm (Fig. 31) was almost recoverd to the value measured on the 47
th
 day, and 
the baseline in synthetic air was varied back as well. Simultaneously, an EIS characteristic very similar 
to the state on 47
th
 day was measured after this polarization procedure (Fig. 32). The effect of the 
cyclic cathodic polarization on the APE is found to be strongly influenced by both the temperature 
and the number of potential scans. This aspect will be discussed in detail in the next section. 
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 day, and after 
polarization 
From these OCP and EIS measurements, it can be concluded that the APE/YSZ interface, i.e the 
location of potential generation, is changed over time by operating the sensor at 600 °C in ambient 
air. The change of the APE/YSZ interface seems to proceed at a relatively slower rate in the first 47 
days, which is reflected by a moderate increase of Rp in the EIS measurement and a slight reduction 
of response in the OCP measurement (Fig. 31). But then this change proceeds at a much faster rate 
from 47
th
 day to 100
th
 day indicated by a drastic increase of Rp and a correspondingly considerable 
reduction of OCP response. The application of the negative potential scans only results in very similar 
electrochemical behaviors (OCP response (Fig. 31) and EIS characteristics (Fig. 32)) of the APE as 
measured on 47
th
 day, but cannot yield the initial characteristics as measured on 1
st
 day.  









 day) at the APE/YSZ interface. 
Hypothetically, the irreversible changes might be caused by accumulation/ agglomeration of 
impurities at the electrode/electrolyte interface or redistribution of Au within the electrode layer, while 
the reversible changes are probably related to an oxidation phase of the metallic parts of the APE at 
the TPB [64, 88-90]. 
According to the results reported in [64, 88, 89], the increased Rp and the change of the shape in the 
EIS characteristics, which can be restored by cathodic polarization, are related to those reversible 
changes at the APE/YSZ interface and indicate the oxidation of the metallic parts of the APE at the 
TPB. This would result in a decrease of the concenration of the active electrochemical reaction sites in 
the potential forming processes, and accordingly depress the mixed potential formation under 
exposure to CO and positively shift the base-line in air. These oxidized parts seem to be reduced 
again to the metallic state by cathodic polarization at 700 °C. As a result, those blocked reaction sites 
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are assumed to be reactivated as well, and accordingly very similar OCP (Fig. 31) and EIS 
characteristics (Fig. 32) are observed as those before the aging was started.  
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4.3.2 Effect of cathodic polarization on the layered Au,Pt-YSZ electrodes at different 
temperatures   
As already briefly discussed in the last section (Sec. 4.2.1), the application of cyclic cathodic 
polarization on the APE at 700 °C enables regeneration of its response to CO, when a reduction of 
response had been found after a 100 days’ aging procedure in ambient air. Further experiments 
revealed that the temperature, at which the polarization is conducted, and the number of potential 
scans both play an important role on the efficiency of the response regeneration.  
Fig. 33 shows the OCP responses of an aged type III-sensor to 1000 ppm CO in air measured before 
and after the application of cathodic polarization sequences at different temperatures between 600 – 
700 °C at 5 vol.% O2. A small enhancement of the OCP response to CO is found after five cathodic 
potential scans in  the range between 0 and -0.6 V at 600 °C. The response enhancement gets more 
and more enlarged by increasing the temperature during polarization. A significant response 
enhancement is obeserved after polarizing the APE at 700 °C with five potential scans, and the 
response is even further raised to almost the initial value of this sensor before aging by another 25 
potential scans at the same temperature (Fig. 33).  
 
Fig. 33: OCP responses of the aged type III-sensor under exposure to CO (1000 ppm) in air before and after 
polarization at 600, 650 and 700 °C  
According to the other electrochemical investigations of Pt/YSZ and Au/YSZ interfaces in [64, 73, 77, 
88, 89, 118], it is assumed that the cathodic polarization applied on the APE could not only induce the 
oxygen reduction reaction (reaction (6), Chap. 2) but also reduce the oxidized metallic parts of the 
APE at the TPB, which is assumed to be formed in the aging process, in an electrochemical way 
according to the following reaction: 
𝐴𝑢𝑃𝑡𝑂𝑥 + 2𝑥𝑒
− →𝐴𝑢𝑃𝑡 + 𝑥𝑂2− 
 (35)  
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This would increase the concenration of the active electrochemical reaction sites at the TPB, and 
therefore enhance the charge transfer processes proceeding there, for example the mixed potential 
formation, as discussed in Sec. 4.2.1.  
With respect to the role of temperature, the reason for the better response enhancement by 
polarization at higher temperatures could be two-fold: i) the kinetics of the electrochemical reduction 
of AuPtOx at the TPB is increased by raising the temperature, and accordingly result in a faster 
decomposition of AuPtOx by cathodic polarization at the higher temperature; ii) the formation of 
AuPtOx becomes less and less stable at more and more elevated temperatures, which enables an 
easier and relatively thorough electrochemical reduction of AuPtOx at the TPB. The latter aspect is in 
good consistency with the results reported in [89].  
To prove these hypotheses, complementary CV and EIS measurements were carried out on the 
sensor as well. These studies bring a deeper knowledge about the effects of the cathodic polarization 
and the role of temperature during the polarization on the electrochemical characteristics of the 









potential scan of the cyclic cathodic polarization on the APE at 5 vol.% O2 and 700 °C, separately. 
Slight rise of current is observed from the 1
st
  to the 5
th
 scan, while the current is found to be 
considerably increased in the 30
th
 scan compared to those measured in the first five scans. This 
means, the rate of the charge transfer process (herein, the oxygen reduction reaction ORR(reaction 
(6), Chap. 2)) rises by polarizing the APE cathodically, and is more and more raised by increasing the 
number of scans. 
Moreover, it is noted that the hysterisis of these i-U envelope curves becomes also significantly 







 scan is an indication of a capacitive characteristic at the APE/YSZ interface, 
which is propably induced by the oxidation of the metallic parts of the APE at the TPB during the 
aging process. As already discussed above, the cathodic polarization is assumed to enable the 
electrochemical reduction of those oxidized metallic parts at the TPB, and accordingly lower the 
capacitive characteristic of the APE/YSZ interface, which is reflected by the diminished i-U hysterisis 
and the increased current in the measurement.   
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 scan in the cathodic polarization of the type III-
APE at 5 vol.% O2 and 700 °C 
The EIS measurements were carried out at the same intermediate states of the cathodic polarization 
treatment. Fig. 35 shows EIS characteristics of the aged type III sensor measured at 600 °C in 
synthetic air before and after the cathodic polarizations at different temperatures between 600 – 700 
°C at 5 vol.% O2.  Before polarization, the Nyquist plot depicts the shape of an incomplete quasi-
semicircle with the largest Rp in synthetic air at 600 °C compared to those measured after polarization 
under the same condition.  
By cathodically polarizing the APE at higher temperatures and later increasing the number of scans at 
700 °C, the shape of the Nyquist plot develops more and more to a complete semicircle, while the 
value of the corresponding Rp gets smaller and smaller. The opening at the incomplete semicircle is 
an indication of the phase shift between the AC-perturbance and the yielding AC-current across the 
TPB. This phase shift is determined by the capacitive characteristic of the APE/YSZ interface. The 
shape change of the Nyquist plot from the incomplete to the complete quasi-semicircle and the 
reduction of the Rp reveals that the APE/YSZ interface becomes less capacitive after polarization, 
while the exchange current density for the oxygen thermodynamic equilibrium (reaction (4), Chap. 2) 
gets increased. These measurements again confirm the correlation of the better OCP response to CO 
(Fig. 33) with the less capacitive but more conductive characteristics of the APE/YSZ interface.  
The changes of the EIS (Fig. 35) and the CV characteristics (Fig. 34) induced by polarization, and 
their corresponding correlation with the OCP response (Fig. 33) support well the assumptions  
discussed above: the APE/YSZ interface is electrochemically reduced by the cathodic polarization, 
and this results in a higher concentration of the active electrochemical reaction sites at the TPB and 
correlates with a larger mixed-potential formation under CO exposure, namely, a higher OCP 
response to CO. The enhancement of the effect of the cathodic polarization on the APE by raising the 
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temperature is attributed to the instability of the AuPtOx at the TPB and the fast kinetics of the 
corresponding electrochemical reduction reaction (reaction (35)) at higher temperatures. 
 
Fig. 35: EIS characteristics of the aged type III-sensor at 600 °C in synthetic air before and after polarization 
In order to further separate the role of temperature and cathodic polarization in the response 
regeneration, another individual of type III-sensor, which was aged in ambient air at 600 °C over 
approx. three months and afterwards lost sensitivity, was tried to be regenerated in two steps: i) 
heating up the sensor to 700 °C in synthetic air for 2h; ii) in a later step cathodically polarizing the 
sensor at 700 °C in synthetic air. Fig. 36 shows the response change of this sensor (noted as 11# ) 
by temperature treatment and polarization in synthetic air separately. In addition, this is compared 
with the response regeneration of the other sensor (noted as 9#) discussed above, which was 
polarized at a reduced oxygen concentration (5 vol.%). The response change is calculated according 





 (36)  
 
where the ∆U is measured under exposure to 1000 ppm CO in air at 600 °C. The response of the 11# 
sensor was reduce to approx.15% of the initial value after the aging process. By heating up the 
sensor to 700 °C in synthetic air for 2h, the reduced response was raised to about 32%, probably due 
to the partially thermal decomposition of AuPtOx at the TPB, which blocks the mixed potential 
formation. 
A significant regeneration from 32% to almost 100% was observed by additional polarization under 
the same temperature and gas condition within only twelve minutes. These regenerations by different 
methods indicate that, the cathodic polarization at 700 °C is the major driving force for the 
decomposition of the AuPtOx than meerly elevating the temperature. That is to say, a small portion of 
the AuPtOx at the TPB is thermally decomposed by elevating the temperature to 700 °C, but a 
thorough decompostion is achieved via electrochemical reduction induced by cathodic polarization. 
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Moreover it was found that, the effect of the polarization and the corresponding response 
regeneration are independent on the oxygen concentration. The response can be nearly 100% 
regenerated, no matter whether the polarization is conducted in synthetic air with 20.5 vol.% O2 (11#) 
or at a reduced concentration of 5 vol.% O2 (9#).      
 
Fig. 36: Response regeneration of two type III-individuals by temperature treatment and polarization under 
different conditions 
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4.4 Effect of temperature on electrochemical characteristics of the sensor 
The effect of operation temperature on the electrochemical characteristics of a type II-sensor was 
studied by OCP, CV and EIS measurements. The sensing response to CO is decreased by elevating 
temperatures (Fig. 37). At variation of temperature in steps of ∆T=50 K, a more remarkable reduction 
of the response is observed when the temperature is increased from 550 °C to 600 °C compared to 
the change at the temperature step from 500 °C to 550 °C (Fig. 37). Only very slight response to CO 
is found at 650 °C, and it gets nearly vanished at 700 °C. 
From the CV measurements under exposure to dry synthetic air, it is found that the current measured 
both in the anodic and the cathodic region first increases slightly from 500 °C to 550 °C, and then 
rises considerably when raising the temperature to 600 °C (Fig. 38 a). By further elevating the 
temperature to 650 °C and 700 °C, much higher currents are observed compared to those measured 
below 600 °C.  In other words, the rate of the electrochemical reaction involving oxygen is raised at 
elevated temperatures as expected, but shows a sharp rising when the temperature is higher than 
550 °C.   
The reason for the decline of the response at elevated temperatures (Fig. 37) could be two-fold: i) the 
enhanced gas phase reaction of carbon monoxide (reaction (3), Chap. 2), and ii) the increased rate of 
the oxygen reduction reaction (reaction (6), Eq. (8) Chap. 2). Due to the fact that the currents 
measured at 500 °C and 550 °C vary only slightly, the response reduction might be mainly related to 
the enhancement of the CGR (reaction (3), Chap. 2) in this temperature range. However, the sharp 
reduction of the response from 550 °C to 600 °C might probably be a consequence of both 
processes. The almost vanished OCP response to CO (Fig. 37) but together with the significantly 
increased current in the CV measurement in synthetic air (Fig. 38) disclose a very strong domination 
of the ORR (reaction (6), Chap. 2) in the mixed potential formation in relation to the EOC (reaction (5), 
Chap. 2) at 650 °C and 700 °C. 
 
Fig. 37: Response behaviors of a type II sensor under exposure to CO balanced with 20.vol.% O2/N2 between 
500°C and 700°C. 
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Fig. 38: cyclic voltammograms of the type II-sensor sampled in synthetic air at (a) 500 °C, 550 °C, 600 °C, (b) 
650°C and 700 °C 
The EIS data measured in the same temperature range (500 °C – 700 °C) at synthetic air (Fig. 39) 
show a good correlation with the results of the OCP and the CV measurements, and also support the 
interpretation of the response reduction at elevated temperatures as discussed above. As shown in 
Fig. 39, Nyquist plots of the impedance of the electrochemical cell Au,Pt-YSZ/YSZ/Au,Pt-YSZ were 
measured in the range from 10 kHz to 10 mHz in synthetic air at 500 °C, 550 °C, 600 °C, 650°C and 
700 °C, separately. These Nyquist plots show only one quasi-semicircle, and neither Warburg 
impedance nor electrode blockage is observed.  
 
Fig. 39: EIS characteristics of the electrochemical cell Au,Pt-YSZ/YSZ/Au,Pt-YSZ in synthetic air at 500 °C, 550 
°C, 600 °C, 650°C and 700 °C 
The impedance of the YSZ-based electrochemical cell is a synthesis of an interfacial contribution 
(electrode/electrolyte) and a bulk contribution (electrolyte), which are determined by the charge 
transfer process at the electrode/YSZ interface and the transport of O
2-
 ion in the YSZ, respectively. 
According to McDonald et al. [113], the O
2-
 ion transport in YSZ is related to the part of the Nyquist 
plot in the high frequency regime, while the charge transfer process at the electrode/YSZ interface is 
represented in the low frequency regime. This means in the electrochemical cell, the rate of the O
2-
 
ion transport in YSZ is faster than that of the interfacial charge transfer process. In some cases, the 
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Nyquist plot shows two semicircular arcs, which depends strongly on the selection of the electrode 
material. This observation of two semicircular arcs in the Nyquist plot indicates that, even though the 
O
2-
 ion transport in YSZ proceeds faster than the interfacial charge transfer process, the rate 
difference of these two processes in the electrochemical cell is not significant but to some extent 
comparable. However, the finding of only one quasi-semicircle (Fig. 39) in the impedance spectra of 
the electrochemical cell Au,Pt-YSZ/YSZ/Au,Pt-YSZ reveals that the rate of the charge transfer process 
at the Au,Pt-YSZ/YSZ interface is drastically slower than that of the O
2-
 ion transport in YSZ. In other 
words this means, the impedance of the electrochemical cell Au,Pt-YSZ/YSZ/Au,Pt-YSZ is strongly 
dominated by the Au,Pt-YSZ/YSZ interfacial contribution. 
With regard to the influence of temperature, the radius of the Nyquist plots gets reduced by raising 
the temperature (Fig. 39), which is well correlated with the increase of current in the CV measurement 
at elevated temperatures (Fig. 38). These changes of the EIS and the CV characteristics in response 
to the temperature increase are attributed to the enhancement of both the O
2-
 ion transport in YSZ 
and the charge transfer process at the Au,Pt-YSZ/YSZ interface at higher temperatures. Furthermore, 
these Nyquist plots measured at different temperatures are extrapolated to the real axis, and 
logarithms of the corresponding interceptions are plotted over 1000/T (Arrhenius plots), as shown in 
Fig. 40. Due to the strong domination of the Au,Pt-YSZ/YSZ interfacial contribution in the impedance 
of the electrochemical cell, these interceptions can be taken as good approximations of the interfacial 
charge transfer resistances. Accordingly, the activation energy of the charge transfer process can be 








 (37)  
 
 
Fig. 40: Arrhenius plot of the real axis-interceptions of the Nyquist plots measured under synthetic air conditions 
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where 𝐸𝑎 is the activation energy, 𝑘 is the Boltzmann constant and 𝑇 is the absolute temperature in K. 
The activation energy 𝐸𝑎 is then estimated to be 1.89 eV for the charge transfer process at the Au,Pt-
YSZ/YSZ interface, which is larger than that (1.45 eV) at the Pt/YSZ interface reported in [119] as 
expected. 
Moreover, by analyzing the potential steps of the type II-sensor measured at different temperatures in 
Fig. 37, it is found that at 500 °C and 550 °C, the delta U is logarithmically changed with the variation 
of CO concentration at 20 vol.% O2 (Fig. 41 a&b). However, this logarithmic dependence of ∆U on CO 
concentration is lost at temperatures not lower than 600 °C (Fig. 41 c-e, inset). By replotting these 
data on a linear concentration scale (Fig. 41 c-e), a clear change from the logarithmic to a linear 
dependence of delta U on CO concentration is disclosed. This change of the ∆U dependence on CO 
concentration indicates a transition from the charge transfer reaction kinetics controlled to the 
transport controlled mixed-potential formation at the electrode between 500 °C and 700 °C. That is to 
say at the lower temperatures (500 °C and 550 °C), the rate-determining step in the potential 
formation at the electrode is the limitation of the electrochemical reactions occurring at the TPB. 
However when the temperature is elevated not lower than 600 °C, this changes to the diffusion 
limitation of the CO transport to the TPB. The reason for this transition of the rate-determining step in 
the mixed potential formation can be two-fold: The increase of the temperature probably results in i) a 
higher consumption of CO via the gas phase reaction (reaction (3), Chap. 2) at elevated 
temperatures, and ii) a steeper rise of the EOC (reaction (5), Chap. 2) kinetics compared to that of the 
diffusion coefficient of CO (𝐷𝐶𝑂(𝑇)) with temperature.  
 
Fig. 41:  ∆U dependence of the type II-sensor on CO concentration under fixed oxygen concentration (20 vol.%) 
at different temperatures. A logarithmic scale is used for 500 °C and 550°C with linear scaled insets 
(a&b), while a linear scale is used for 600 °C, 650 °C and 700 °C with logarithmic scaled insets (c-e).  
  72 
4.5 Sensing characteristics at thermo-cyclic operation 
In order to study sensing response behaviors at thermo-cyclic operation, a fresh type II-sensor was 
used for the first time. This type II-sensor was first characterized at different but constant working 
temperatures at exposure to model gases. In a second step, at the same gas conditions the 
temperature dependent dynamic ∆U-data were sampled, when the sensor was thermo-cyclically 
operated. The ∆U-measurements at thermo-cyclic operation compared to those at isothermal 
operation at different temperatures (Fig. 42 c&d) yielded some unexpected results: First, the ∆U-
temperature profiles (∆UTPs) for H2 and CO are very reproducible (Fig. 42 a&b), but considerably 
different. They represent different potential generating electrode processes and different temperature 
behaviors of the contributing reaction steps involved, like gas adsorption/desorption, surface/pores 
diffusion and potential forming reaction kinetics.  
 
Fig. 42: Response behavior of a type II-sensor element at thermo-cyclic operation. (a,b) Overview of ∆UTP-
repeatability. (c,d) Temperature, dynamically measured delta U data in a thermo-cycle and 
corresponding delta U-values measured at isothermal conditions. (e) and (f) ∆UTPs representing 
different concentrations of H2 and CO, respectively. 
Secondly, there is a remarkable difference between the thermo-cyclic data and the corresponding 
∆U-values measured at isothermal conditions. This indicates that even at rather slow temperature rate 
(dT/dt = 52 K/min) the thermo-cyclic measurements seem to be far away from steady state situation. 
Moreover, it can be seen in Fig. 42 e&f that, the ∆UTPs show an unsymmetrical behavior in relation to 
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the temperature variation in the thermo-cycles. These differences between the thermo-cyclic and 
isothermal data (Fig. 42 c&d) and the asymmetry of the ∆UTPs relative to the thermo-cycle (Fig. 42 
e&f) probably point out relatively slow mixed potential generation processes and the influence of gas 
diffusion effects involved in the half-cell potential formation which may be a consequence of the 
porous electrode morphology (Sec. 4.1.1). Surprisingly, the absolute ∆U in a temperature cycle is 
highest for CO (Fig. 42 f) at around the minimum temperature and for H2 the ∆UTP shows a clear 
peak and a shoulder at low concentrations (100ppm and 200ppm), which develops into a second 
peak with increase of the concentration. However, for both gases the sensitivity (d∆UTP/dc(gas)) is 
highest at maximum temperature (Fig. 42 e&f). 
Additional experiments were carried out to study the ∆UTP stability and reversibility, when the sensor 
was thermo-cyclically operated. The sensor response behaviors of the type II sensor under exposure 
to different concentrations of H2, CO and C3H6 are shown in Fig. 43. Model gas concentrations were 
increased step-by-step from 0 ppm up to 2000 ppm and then decreased stepwise to 0 ppm. At H2 
and CO exposure roughly stable and reversible sensor responses at high temperatures of a thermo-
cycle (lower edge of the ∆UTPs in Fig. 43 a&b) are observed, reflecting stepwise changes of gas 
concentrations. At low temperatures, where the potentials of a ∆UTP are high, the potential steps are 
not so clearly formed under H2 exposure (Fig. 43 a), but the potential reversibility is quite good. This 
low temperature potential stability and reversibility is not observed in case of CO exposure, and there 
is a continuous potential change observed over the whole sequence of gas exposure. For 
comparison, potential reversibility is completely lost at all temperatures of a thermo-cycle, when the 
sensor is exposed to C3H6 (Fig. 43 c). This might be correlated with the worse stability under exposure 
to C3H6 at isothermal operation as discussed above (Fig. 29&30, Sec. 4.2.1). 
 
Fig. 43: Overview of dynamic response behaviors of the type II sensor under exposure to H2 (a), CO (b) and 
C3H6 (c) at thermo-cyclic operation, respectively. The dashed circles indicate the low-temperature 
behavior of the ∆UTPs 
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5. SUMMARY 
In recent developments of mixed potential gas sensors based on Yttrium Stabilized Zirconia (YSZ), 
the combination of Au/AuPt-admixtures and oxides was found to be promising electrode materials. 
With this material combination, satisfactory sensing characteristics were achieved, but the role of Au 
addition, especially its effect on the processes contributing to the mixed potential formation, has not 
yet been well understood. Deeper insights of the influence of Au on the electrochemical behaviors of 
this kind of electrodes are necessary for better understanding of the sensing behaviors and for 
achieving further technological improvements, as for instance, enhancement of the long-term stability. 
This situation motivated studies of a layered Au,Pt-YSZ mixed potential gas sensing electrode and its 
dependence on the thickness of the Au-layer and the sintering conditions. In this work, for the first 
time three variations of this kind of electrode, which generally comprises a thick-film Pt-YSZ electrode 
and a thin-film Au layer deposited on top, were studied by different kinds of material analytical 
approaches and electrochemical methods. These studies elucidated the correlation among the 
electrochemical behaviors of the electrodes, the amount of gold deposition and its non-uniform 
distribution over the electrode. Based on these structural and electrochemical data, a qualitative 
model for the first time is proposed to interpret the sensing mechanism of the layered Au,Pt-YSZ 
electrodes.  In the past such a theory was only available for the electrodes at which the Au was 
homogeneously admixed with the Pt-YSZ composite.  
From the structural studies including the ESEM, the XRD and the Glow Discharge-Optical Emission 
Spectroscopy analysis (GD-OES), it was shown that the thin film Au layer at the layered Au,Pt-YSZ 
electrodes is not uniformly admixed with the Pt-YSZ bulk after firing, but results in a non-uniform 
lateral distribution on the electrode surface and a concentration gradient of Au from top over the 
thickness of the electrode. This Au distribution is strongly affected by the sintering temperature. The 
higher sintering temperature (1050 °C) results in not only a more uniform morphology of the electrode 
surface without a separate crystalline phase of gold , but also a better alloying of Au and Pt in the 
inner parts of the electrode during the sintering process, compared to the electrodes sintered at a 
lower temperature (850 °C). These clear structural differences of the electrodes fired at different 
temperatures are related to different catalytic activities over the electrode layer, and accordingly affect 
their open circuit potential (OCP) sensing behaviors and other electrochemical properties. 
Clear correlation between the cathodic processes with oxygen and the CO sensitivity has been 
discovered by OCP combined with cyclic voltammetry (CV) measurements. The response to CO at 
600 °C was found to be lower for the electrode with the thinner Au layer (type I) than the electrode with 
the thicker Au layer (type II), both sintered at 850 °C for 10min.  After increasing of the sintering 
temperature and time, the electrode with the thicker Au layer (type III, sintered at 1050 °C for 240min) 
showed the highest response to CO at the same temperature. These best sensing characteristics of 
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the type III-electrode are assumed to be related to (i) lower gas phase reaction and better kinetics of 
CO electrochemical oxidation at this type of electrode and (ii) its reduced catalytic activity for the 
oxygen reduction reaction as confirmed by CV measurements.  
Interestingly, the rate-determining step of the mixed-potential formation at the layered Au,Pt-YSZ 
mixed-potential electrode was found to be highly affected by i) the experimental conditions and ii) the 
technological parameters of fabrication. Transitions of the rate-determining step from transport 
control to reaction kinetics control was found by reducing the oxygen conc. from 20 to 5 vol.% or 
decreasing the temperature from 700 to 500 °C. These transitions were discussed in context with i) 
the influence of the oxygen conc. and the temperature on the electrode processes involved in the 
mixed potential formation, and ii) the effect of the Au layer thickness and the corresponding sintering 
conditions on the catalytic activities of the electrodes. 
In addition, the OCP measurements on an electrode with thicker Au layer sintered at 850 °C (type II) 
conducted under isothermal conditions from 500 to 700 °C show that the CO sensing response is 
decreased by elevating the temperature. The reduction of the response at increased temperatures is 
probably induced by both the enhanced gas phase reaction of CO and the oxygen reduction reaction 
as well. These OCP results and the interpretations are well complemented and correlated with the CV 
and the electrochemical impedance spectroscopy (EIS) data measured in the same temperature 
range. The enhancement of the oxygen-involved electrochemical reaction is confirmed by both the 
increase of the CV currents and the reduction of the EIS impedance at the elevated temperatures 
Further CV studies at 600°C showed that the current peaks in the CV profiles tended to become less 
pronounced by decrease of O2 conc. with an exception of the cathodic peak at 15 vol.% O2. By taking 
the interaction of the electron transfer reaction with oxygen species at the TPB with the O
2-
 transport 
between the TPB and the YSZ bulk into account, a possible mechanism for the CV peak formation 
was discussed. Surprisingly, the CV behaviors under CO exposures at a much lower scale of conc. (0 
– 1000ppm, 21 vol.% O2) were very similar to those at variation of O2 conc. from 5 to 21 vol.%. 
However, the dependence of the current peaks on CO conc. is opposite to that on O2 conc. These 
observations motivate the assumption that with and without the CO exposures, the same types of 
processes dominate the formation of the current peaks of the CV profiles 
From the EIS behaviors (600 °C) at different O2 conc., it was found that all the measured Nyquist plots 
showed two semi-circular arcs. The semi-circular arcs in the high frequency regime were smaller than 
the ones in the low frequency regime, and almost not influenced by the variation of O2 conc. In good 
agreement with literature, they are assumed to be related to the O
2-
 transport in the solid electrolyte. 
By decreasing the O2 conc., the radiuses of semicircular arcs in the low frequency regime were clearly 
increased. These arcs are presumed to be attributed to the electron transfer reactions with oxygen 
species at the TPB. The further analysis of the EIS data indicates that the electrode processes may 
include a four-electron transfer step with associatively adsorbed oxygen species.   
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At thermo-cyclic operation, the ∆U measurements revealed gas specific ∆U-temperature-profiles 
(∆UTP). The ∆UTP stability and reversibility depend on operation temperature and are specific 
characteristics of the individual gas component. The data disclosed clearly, that the well accepted 
model of mixed potential formation, which is valid at constant temperature, cannot explain the 
behaviors of the thermo-cycled cell. Obviously, the non-steady state processes probably including 
rather low reaction rates, diffusion processes and perhaps catalytic conversion of the gas molecules 
within the electrode layer have to be taken into consideration for interpretation of the data under 
thermo-cyclic conditions. Such a theory is still missing up to now. 
With respect to selectivity and  stability of the sensors, the highest sensing response was observed in 
the H2 containing gases compared to the other gas species like CO, CH4, and C3H6 for both the type 
II (low temperature sintered) and the type III (high temperature sintered) sensors. However, clear 
response and potential stability losses were observed at exposure to C3H6. Formation of coking layers 
on the electrode seems to be correlated with this response decrease.  
Surprisingly, the response degradation was even observed by aging the sensors at 600 °C in ambient 
air.  Combined OCP, CV and EIS studies revealed that, the aging process results in some minor 
irreversible but mainly reversible changes at the electrode/electrolyte interface. Both induce the 
response degradation which is well correlated with an impedance increase and a CV current 
decrease. The reversible changes are assumed to be attributed to the formation of an oxidation 
phase of the metallic parts at the TPB, which is well described in literature. Now, for the first time in 
this work it could be demonstrated that this reversible response degradation can be nearly fully 
recovered by the application of cathodic polarization sequences. 
Consequently, due to the strong correlation between the OCP response to CO and the dynamic 
electrochemical behaviors ((EIS and CV)) at ambient air, both the EIS and the CV method can be 
used as efficient tools to check the sensitivity of the sensor at ambient air conditions. In case of OCP 
response degradation, the sensitivity can be almost fully regenerated by application of cathodic 
polarization at enhanced temperatures (T700°C). This combination of OCP measurements with 
dynamic electrochemical methods and the application of cathodic polarization procedures is of 
enormous practical relevance and was filed for a patent. It excited high interest of the sensor chip 
producer (Lamtec Meß- und Regeltechnik für Feuerungen GmbH, Walldorf) because it allows 
sensitivity estimation and regeneration of layered Au,Pt-YSZ gas sensing electrodes whenever 
ambient air conditions are given. For instance, in case of long-term CO/HC-monitoring for 
improvement of automated combustion process control of firing appliances, this procedure could be 
carried out in breaks between firing batches without the need of de-installation of the sensor and, 
indeed, without any exposure to model gases.  
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APPENDIX 
Appendix 1: Working principle of Glow Discharge Optical Spectrometry 
 
Schematic illustration of working principle of Glow Discharge Optical Spectrometry (reproduced from 
User manual of GD-OES, HORIBA Scientific) 
Principle: 
Glow Discharge Optical Spectrometry is based on sputtering technique and used to perform 
chemical analysis and quantitative depth profile of thin and thick films. In a GD-OES analysis, a 
sample is placed on a copper electrode (cathode). The discharge is applied between the anode and 
the cathode, which triggers off the sample surface erosion. Atoms ejected are then excited by an 
Argon plasma. The excited atoms finally come back to their fundamental energy level, and emit 
characteristic photons. The emitted photons, whose energy are dependent on characteristics of the 
energy level of the chemical elements in the sample, are then detected by optical sensors. As a 
consequence of these processes, a quantification of the elemental composition of the sample with in-
depth information can be achieved. 
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Appendix 5:  Binary phase diagram of platinum and gold alloy 
 
Binary phase diagram of platinum and gold alloy (reproduced from [105]) 
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